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YCIHEXN PUZNYECKHNX HAVYK

OB30PbI AKTYAJIBHBIX ITPOBJIEM

Anomagbhblii dpdexT dx03edcona

FO.M. lllykpunos

0630p noceawéH 00HOMY U3 HaAUbOAee AKIMYAAbHBIX HANPABACHUL CO8DEMEHHOU PU3UKU KOHOCHCUPOBAHHOZ0
COCMOAHUA — AHOMAABHOMY dhhexmy [ncozepcona (AJE), komopolii 3ak iouaemcs 6 603HUKHOGEHUU 8 2UOPUO-
HOUl cmpyKkmype (az08020 co8u2d, NPUEOOAUIe20 K KOHEUHOMY CEePXNPOGoOseMy MOKY NPU HyAe60t PA3HOCIU
daz. AJE ompaxncaem cogmecnioe nposagAeHue cgepxnposoouMoCcmi, CRuH-0poUmaIbHo20 63auMo0eticmeus u
MASHeMU3MA, UCCACO0BAHUE MAKUX CIMPYKIYD N038045€M NPOOSUHYINbGCA 6 NOHUMAHUU UX 83AUMHO0 BAUAHUA,
OMKPBIBAEC MHO2000eWwarujue NPUAONCEHUS 8 CEePXNPOBOOHUKO080L cnunmpoHuke. Onucana gusuxa py-nepe-
X00d, ynpagaeHue MAazHUMHbIMU CEOLCMEAMU bapbepa noCPeoCcmeoM c6epxXnpo8odauje20 MoKd, d Makice, 8 C60H
ouepeob, AUAHUE HA 0HCO3ehCOHOBCKULL MOK MACHUMHO20 MomeHma 6apvepa. Tlpusedeno o6cyricoerue HoOgbIX
ahpexmusHbIX Memooo8 nepesopoma MAzHUMHO20 MOMEHING 8 (Py-nepexooe, 8 UACMHOCIIU, UMNYAbCOM C8epX-
npogodawe2o moka. Hccae0os8anvl Keanmosvle ceoicmeda 0A4co3edCcoHO8CKUX HAHOCMPYKINYD ¢ MACHUMHBIMU U
MON0A02UHeCKY HEMPUBUAALHBIMU DAPbepamu 048 CO30AHUSA HOBLIX YCMPOTICME C8EPXNPOBOOHUKOBOT CNUHMPO-
HUKU. DKCNePUMEHMAAbHAA Peatu3ayus @y-nepexood, Komopas 0viid HeOasHo NPOeMOHCMPUPOSARA 8 PAde
pabom npAMbIM U3MEPEHUeM COOMHOUEHUS MOK — (ha3d, N0360A1em U3MePAMb 8eAUNUHY CNUH-0POUMAAbHOL
C8A3U U OMKPHIGACI HOGbIE 803MONCHOCU 045 (HA308020 KOHMPOAL 0ANCO3eCOHOGCKUX YCmMpoticme. Dmu
uccae008aHUA NO380AAI0M NOHAMb (P YHOAMEHMAAbHBIE CHUH-3A8UCUMbIE ABACHUA, 4 MAKIICE PA3BUND NPUAOICE-
HUA 0415 KOMNbIOMEPHBIX MeXHOA02uil. B uacmuocmu, ynpagienue MazHumHslm COCMOAHUCM ¢ NOMOWDBIO C8epX-
npo8oodAujeco MoKa OMKPbIGAEN HO8ble 803MONCHOCIU 048 PA3GUMUS C8ePXObICMPOIl KPUO2EHHOU NAMAMU.
Ipusedenvl pesyabmamul uccAe008aHUA MACHUMHOL OUHAMUKU 8004b 80AbM-AMNEPHOL XAPAKIMEPUCIUKU
(P-Nepexo0ad U AHAAU3A CRUHOBOT OUHAMUKU 8 MaKux nepexodax. Paccmompen sonpoc o 603mozicnocmu Konm-
DOAS MAZHUMHOIL NPeYeCcult 603HUKHOBCHUEM 8bICULLX AP MOHUK 8 COOMHOWEHUY MOK — (Pa3d, d MAKICe ROCMOSH-
HOU KOMNOHEHMbl MOKA, KOMOopble 3HAUUMEAbHO 803pacmalom 60.4u3u GeppomMazHuUmMHO20 pe3oHancd.
Humepecnvie sg1eHus 8 @y-nepexooe 03HUKAONM NPU 6030€HCMBUU BHEUIHE20 DACKINPOMAZHUINHO20 U3AYYCHUS.
IIpeocmas.aen anaaus 0CHOBHbIX MEOPEMUUECKUX U IKCREPUMEHMAALHBIX padom, nocsawénnvix AJE, npusedenvi
npumepst nposgieHus AJE 6 pazauunvix cucmemax, yKazanvl Nepcnekmubl UcCAe008aHUil 8 0AHHOM HANPAGACHUU,
a maxyice 00Cyncoaromes Hepeuénmvle 3a0adu.
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1. BBenenne

CBepXIpOBOIHUKOBAS COIUHTPOHHUKA SIBJISETCS OJHUM H3
HanboJiee MHTEHCUBHO Pa3BMBAIOIIMXCSl HATIpaBJICHUI (u-
3WKH KOHJICHCHPOBAHHOT O COCTOSIHUS. BasxkHOE MecTo B 3TOM
00JIaCTH 3aHUMAIOT UCCIIEIOBAHUS JXKO3e()COHOBCKUX IEpe-
xon0B (IAIT), cBsA3aHBIX C MarHUTHBIMHU cucTeMamu [1, 2].
CrnocoO6HOCTb yNpaBJIEHUs] MAarHUTHBIMU CBOMCTBaMH C
MOMOIIBIO KO3e()COHOBCKOTO TOKA, a TAKXKE BJIMSHUE HA
CBEPXIPOBOISIINI TOK IMPENeCCHd MAarHUTHOTO MOMEHTA
npuBJekaroT ocoboe BamManue [3—5]. LlerTpansHyro poJb
B 3THX SIBJICHUSIX UIpaeT cruH-opOutansHoe (SO) B3auMo-
nefcTBue. B 1k03e()COHOBCKHUX CTPYKTYpax CBEPXIPOBOJI-
HUK/peppomMarneTuk/cBepxnpoBoanuk (SFS) cnun-0pOu-
TaJIbHOE B3aUMOJICHCTBUE B (peppOMAarHeTuke 063 CUMMeT-
pUH MHBEPCHU O0eCNeUnBaeT MEXaHU3M MPSIMOH (JIMHEHHOT)
CBSI3M MEX/Ty MATHUTHBIM MOMEHTOM U CBEPXIPOBO/ISIIIM
TOKOM. B 3Tux mepexopax ¢ HapyLIEHHOW CUMMeETpHEH
OTHOCHUTEJILHO OOpAaIleHUs] BPEMEHH COOTHOIIEHUE TOK —
¢daza (TPC) onpenensiercst kak [ = I.sin (¢ — ¢y) (Io —
KPUTHYECKUH TOK), Te CABUT (a3bl ¢, IMPOIOPIHOHATICH
MarHUTHOMY MOMEHTY, HEePIEHIUKYJISIPHOMY TPaJIUEHTY
ACUMMETPUYHOI'O CIUH-OPOUTAJILHOIO NOTeHIuaga [6].
Jxo3edpconoBckue nepexoabl ¢ Takum TPC HazbIBaroT
(Q(-TIepexoJaMi, OHHM JEMOHCTPHPYIOT DS YHUKAJIbHBIX
CBOWCTB, BaXXHBIX JISI CBEPXIPOBOAHUKOBON CIIMHTPOHUKHU
U COBPEMEHHBIX MH()OPMAIUOHHBIX TEXHOJIOTH, B YacT-

HOCTH, YIPaBJCHUE BHYTPEHHUM MArHUTHBIM MOMEHTOM
C HCIOJb30BaHUEM JK03e(COHOBCKOro Toka [6, 7]. B
((-Tiepexojie HAMAarHNYEHHOCTh CBS[3aHA C MHTCHCHBHOCTBIO
SO-B3auMOEHUCTBUS, TIOITOMY TIPH OCIUJUISIIASX HAMATHU-
YEHHOCTH CJISAYET OKUAATH OOPATHOTO SIBJICHHSI. A UMEHHO,
J15K03e(DCOHOBCKUI TOK MOXET HAaKauuBaTh (Pa3oBbIA CIBHUT
@, KOTOPBI NOANUTHIBAETCA 3a CUET NPELECCUU HAMarHU-
yeHHOCTH U SO-B3auMOJEHCTBHS. DTO IPUBOIUT K MOSIBJIE-
HUIO TIOCTOSIHHOM COCTAaBJISIFOIIEN CBEPXITPOBOISIIETO TOKA,
UTPAFOIIell BAXKHYIO POJIb B TpaHCHOpMANUU BOJIbT-aMIIEp-
Hol xapakTtepuctuku (BAX) B pe3oHaHCHOI 061acTu.

Jx03e(COHOBCKUI ()-TIEpeX0]] NAeaTbHO HOAXOAUT IS
WU3YYCHHS] KBAHTOBOTO TYHHEJIMPOBAHUS MAarHUTHOTO MO-
menta [8]. Ilpeamonaraercs, 4To MarHUTHOE TYHHEJIHPO-
BaHUe OyAeT MPOSBIATHCS B MEPEMEHHOM HAINPSDKEHUW Ha
nepexo/ie U MOXKET KOHTPOJUPOBATHLCS MPUIOKEHHBIM TO-
KOM cMmerieHus. AHoMambHbli 3¢ dekt [xo3edcona B paz-
JIMYHBIX THOPUIHBIX TETEPOCTPYKTYPAX OTPAXKACT UTPY CBEPX-
npoBoauMocTd, SO-B3aMMOACUCTBUS 1 MarHeTu3Ma [9 —24].
HccienoBanue TakuX T€TEPOCTPYKTYP, B KOTOPBIX COYETa-
FOTCSI CBEPXIIPOBOISIIIIUE M peppOMATHUTHBIE CBOICTBA, pac-
KpbIBaeT NpoOJIeMy B3aUMHOI'O BJIUSIHUS CBEPXIPOBOIUMO-
CTH U (hpeppOMarHeTU3Ma, Mo3BOJISIET PeATN30BaATh IK30THYE-
CKHE CBEPXIPOBOSIINE COCTOSIHHS, TaKHe KaK COCTOSHHE
Jlapkuna — OBunaHIKOBA — Dynpae — Peppeiuia U TPUILIET-
HOE YIOPSIOYCHUE, ¥ OTKPBHIBAET HOBBIC MEPCIIEKTUBBI UC-
MOJIb30BAHMS CIIMHOBOU cTenenu cBoboawr [15]. Tpenmona-
raeTcs BO3MOXKHOCTb peajM3alud aHOMasbHOro 3¢¢exra
JIxo3epcona B mepexomax, B KOTOPBIX HOpMajibHasi 00-
JIACTh TPEACTABJISICT COOOM reTepoCTpyKTypy, 00Opa3oBaH-
HYIO YepeAyoIuMucs: GeppoOMarHUTHBIMA cIosiMu ¢ SO-
B3aUMOJICHCTBHEM. B Takmx skcriepuMeHTax MOXHO HAOJTIO-
JATh 3HAYUTEIBHYIO 3aBUCHMOCTb KPUTHYECKOTO TOKa OT
HanpasJjenus [10].

Teopust anomanbHOro 3 dexta 3eeMana v CIUH-TaIbBa-
HIYECKOT 0 3 deKTa B ¢ -epexomax odcyxaanracs B pabo-
Tax [25, 26]. B3aumHoe BimsiHEE B3auMoieicTBUil Paiiobr u
3eeMaHa B OJJHOMEPHOM KBAaHTOBOWM MPOBOJIOKE MPUBOIAUT K
a"HomaJsibHoMYy caBury ¢assl B TOC [11]. Pe3onaHcHbIe 3¢)-
(exThl, BaxKHbIE NJI1 TPAHCIIOPTHBIX CBOWCTB cl1abo B3aW-
MOJIEHCTBYIOIIUX 3JIEKTPOHOB B CHMMETPUYHBIX KOHTAKTAX,
COXPAHSIOTCS B IPUCYTCTBUU CHJILHOTO B3aMMOICHCTBUS
PamoObr TOJNBKO [JIsS CHENMAJIbHBIX YCIOBUU Ha TpaHUIE
HOpMaJIbHBII MeTasut/cBepxnpoBoaHuk [11]. B pabote [12]
paccMOTpeH OaJIIIMCTHYECKUi 1K03e(COHOBCKUH Iepexo, B
KOTOPOM TMPOCIOUKON MEXIY CBEPXIMPOBOISIIAMHA JJIEKT-
poAaMu CIYXKHUT JBYMEPHBIA JJIEKTPOHHBIA Ta3 CO CIHUH-
opOUTANBLHBIM B3auMoJelicTBueM Pamosl. [Ipu BKIIOUeHHN
B 1enb I cBepXmpoOBOJHUK/KBAHTOBAsSI TOYKA/CBEPXIIPO-
BojHUK (S/QD/S) neiictByer kak cnuHOBBIA GuibTp. Io-
Ka3aHo, 4TO BO BHEIIHEM MAarHUTHOM IIOJie, JieXalleM B
mwiockoctu 2D-mepexona, aHOMAJIBHBIA CBEPXTOK BO3HU-
KaeT Jake IPH HYJIEBOH pa3HOCTH (Pa3 MeXIy CBEPXIPOBO-
JSIIAME 3JIeKTpoaMu. KpoMe Toro, BHEIIIHEE 1MOJIe BhI3bI-
BaeT OOJIBIIYIO ACHMMETPHUIO KPUTHIECKOTO TOKA B 3aBUCH-
MOCTH OT €ro HamlpaBJIeHHS, YTO NPUBOJIUT K IPdekTam
BBIIPSIMJICHUS] CBEPXIPOBOISIIETO TOKA.

HHuTtepecHble 0COOEHHOCTH BO3HHMKAIOT, €CJIU NPHUHSITH
BO BHUMAaHHUE MOBEPXHOCTH IKO3e()COHOBCKOTO TEPEXOIa.
B uwactHoCTH, B pabote [17] OBUIO MPOAEMOHCTPUPOBAHO,
4TO OCHOBHOE coctosinue [I1 cBepxmpoBonnuk/deppomar-
HETHUK/CBEPXIPOBOJIHUK COOTBETCTBYET pasHoctH a3 n/2 ¢
KPUTUIECKOU MIIOTHOCTHIO TOKA, UMEIOIIeN CITy4aiiHbIi 3HAK
BIIOJIb TIOBEPXHOCTH Tepexona. HeogHopomublie mxo3edco-
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HOBCKHME CTPYKTYPBI IIPH HAJMYUKM BHEIIHETO MAarHUTHOTO
MOJIsI TEMOHCTPUPYIOT HEOOBIYHYIO 3aBHCHMOCTH TOKA OT
(asbl, YTO B CBOIO Ovepe/ib omnpeaeisieTcss notokom [22]. B
takux 11 Bo3HUKAET OCHOBHOE COCTOSIHUE C (Da30BBIM CIIBH-
TOM, BEJIMYMHA KOTOPOTO OMPEICIISICTCS BHEIIIHUM MAarHUT-
HBIM NIOTOKOM. IlepecTpanBaemsble £ @-nepexoasl 1 THOPHI-
HBIE CHCTEMBI (- H (0)-IIEPEXOJ0B OBLIN HCCIEAOBAaHBEI B
pabotax [19-21].

B mx03e)cOHOBCKHX CTPYKTYpax, COCTOSIIINX U3 ABYX
MOJYNPOBOTHUKOBBIX HAHOMPOBOJIOB ¢ SO-B3aUMOACUCT-
BUeM PamiGbl 1 NpOKCUMHUTU3UPOBAHHON (HaBeAEHHOH 3a
cu€t 3ddekTa 6JIU30CTH) CBEPXIPOBOIUMOCTHIO [24], mepe-
XOJ OTOOpakaeT TeOMETPUYECKH HHIYIUPOBAHHBIA aHO-
MaJIbHBIH 3hdekT Jxo3edcona [24].

OO0 3KCIepUMEHTATBHOM HAOJIFOICHAN () -TIepexoaa Ha
OCHOBE HaHOMPOBOJIOYHOIN KBAHTOBOW TOYKH, KOHTPOJIHMPY-
€MOIl 2JIEKTPOCTATUYECKMM 3aTBOPOM, COOOLIAJIOCH B pa-
6ore C3ombatu u ap. [27]. Takke HaJIMYME aHOMAJIBHOTO
caura (asel ¢, KCIEPUMEHTAIBHO HAOIIOAAIOCH HEIO-
cpenactBeHHo 4epe3 usMepenme TPC B rubpumoom [T
CBEPXIPOBOTHUK/HOPMAJILHBIA METaJLT/CBEPXIPOBOTHUK, H3-
TOTOBJICHHOM Ha OCHOBe BiySe; (sBjstolLerocst TONOJIOTH-
4ECKUM H30JISITOPOM € CuJIbHOU SO-CBS3BI0) B MarHUTHOM
moJie [28]. DTOT IKCHEPUMEHT MO3BOJISIET OCYIIECTBIISITH
npsiMmoe u3MepeHue BeJuuuHbl SO-CBSI3U M OTKPBIBAET
HOBBbIE BO3MOXHOCTH [JIs1 (ha303aBUCHMBIX JIKO3E(PCOHOB-
CKUX YCTPOWCTB, M3TOTOBJICHHBIX HA OCHOBE MAaTEpPUAJIOB C
cubHON SO-CBSI3br0. BaXkHbI 1IAr B MCCIEAOBAHMU AHO-
MalibHOTro 3 dekta JIxo3edcoHa caeslaH Ha OCHOBAHUH IKC-
nepuMeHTOB Maiiepa u ip. [29], B KOTOPBIX OBLIT TPOJAEMOH-
CTPUPOBAH KOHTPOJIAPYEMBIiA 3aTBOPOM aHOMAJTBHBIH (ha30-
Boiil casur B JIIT Ha ocHoBe Al/InAs, a Takxe pe3yJibTaTOB
HEJTaBHO OMYOJIMKOBAHHOM pabOThI O MEPBOW IKCIEPHUMEH-
TaJbHOU peanm3anuu ¢pa3oBoi baTapen B THOPUIHON CBEPX-
npoBogsiei nenu [30]. OpqHaKO MarHuTHAas IMHAMUKA B
mxo3edconoBckux SFS-cTpykTypax ocraércsi (axTuueckn
3KCIIEpUMEHTAILHO He m3yueHHou [31—33].

Bosnukaromas B SFS ¢, -nepexone nocTosiHHAsSI KOMIIO-
HeHTa (dc) CBEpXNPOBOASILETO TOKA IPUBOIUT K CHIILHOMY
OPUCHTAIIMOHHOMY BJIUSIHUIO HA MAarHUTHBIA MOMeEHT [34].
IMpunoxeHne NOCTOSHHOTO HAIPSDKEHHS K (0)-IePEXOY BbI-
3bIBa€T OCHUJUISIIIMU TOKA W, CIIEOBATEbHO, MATHATHYIO
npeneccuro. OHE MOTYT KOHTPOJIMPOBATHCS BO3HUKHOBE-
HUEeM BbICIIUX rapMoHUK B T®C, a Tawke HanmuuueMm dc-
KOMIIOHEHTBI CBEPXIPOBOISIIEIO TOKA, KOTOpasl CyIIecT-
BEHHO YBEJIMYUBACTCS BOJIM3U (PEPPOMATHUTHOIO PE30OHAH-
ca [7]. ABTOpBI MOTYEPKUBAIOT, YTO MATHUTHAS JMHAMHUKA
SES ¢,-nepexoia MOXeT ObITH I0BOJIbHO CIOKHON U CUIIbHO
anarapMonmyueckoir. OgHako B pabote [35] ObUIO MTOKa3aHo,
4TO MPELECCUss MArHUTHOI'O MOMEHTA B HEKOTOPBIX UHTEP-
BaJIaX TOKA B/IOJIb BOJIbT-AaMIIEPHOM XapAKTEPUCTUKU MOXKET
OBITH TOBOJBHO MpocTOoi. OXUAaeTcs, YTO BHEIIHEE U3ITy-
YeHHe MPHUBEIET K PsIy HOBBIX SIBJICHWIA, B YACTHOCTH, K
MOSIBJICHUTO MOJIYIENBIX cTynernek [lampo (B qomosiHeHUe K
OOBIYHBIM [IEJIOYHUCIICHHBIM) U T€HEPAIMH TOMOJTHATEIbHON
MAarHUTHOM MPENECCHH C YaCTOTOM BHEITHETO U3J1yueHus [7].
Opmnako 2Ta BaxkHas NpobseMa, CBA3aHHAS C B3aMMHBIM
BIIUSTHIEM JKO3e()COHOBCKOTO TOKa M HAMArHHYEHHOCTH
MIPH pa3IMYHBIX 3HAYCHUSX TOKa CMelleHus B1oib BAX, mo
CHX MOP IKCIIEPUMEHTAJILHO HE UCCIICIOBAHA.

AJE 6bU1 nipesicka3zaH B IIMPOKOM KJjlacce JK03e()COHOB-
CKHX CTPYKTYp, B yacTHOCTH, B SFS-cTpykTypax Ha OCHOBe
OOBIYHBIX CBEPXIPOBOAHUKOB U (peppOMATHETHKOB CO CIIMH-
OpOHUTAJIbHBIM B3auMojeiicTBueM [6, 9, 12, 26, 36—40], B

1*

CTPYKTYpPax ¢ HeTpaJULUOHHbIMU [4]1 —45] u TOnOJIOTNYECKU
HETPUBUAJILHBIME CBEPXIPOBOHUKaMU [46]. [Tpu Hamuuuu
MAarHUTHOTO MOTOKA, MPOHU3BIBAIOILIETO HOPMAJIbHBINA MPO-
MEXYTOYHBIN CJIOW, TEHEPUPYIOTCS CBEPXIPOBOISIINE TOKH,
BO3HHUKaroIue 3a cu€T 3dexra OJU30CTH, YTO MPUBOIUT K
casury a3 B TOC [22, 47].

HHTepecHBIME CHCTEMaMH, B KOTODPBIX TaKXe peasi-
3yetcst AJE [48], sBasitotest SFS-niepexoapl ¢ HEOAHOPOTHOM
TEKCTypou HamarHuaeHHocTH [15, 49 — 55]. B takux cucremax
TOK siBJIsieTcsl (PyHKIMEH pacrpe/ieieHus HAMarHM4YeHHOCTH:
I = I(p,M). Ilpu HATMYIUK CUMMETPUH OTHOCUTEIHHO 00pa-
IIEHUS] BPEMEHHU, a TaKXe CHUMMETPUU HHBEPCHM HaMmar-
Huuennoctu, (¢, M) = —I(—¢p,M), AJE He naGmomaercs.
UToOBI BO3HHKAJIO (9(-COCTOSHHAE, MOXXHO HAPYIIUTH CHM-
Metputo (o, M) = I(¢, —M). dus peamusanuu AJE B 6ai-
suctudeckux crpykrypax S/F/F/F/S Heobxoauma HEKOM-
IJIaHapHAsi MarHUTHAsl CTPYKTypa, Hapyllaroumas CUMMeT-
puto uHBepcuu [S1—53]. AHOMANBHBINA TOK, MOJIyYCHHBIN B
9TUX paboTax, IEeMOHCTPUPYET OBICTPHIE OCHUJUISIIUY B 3a-
BHCHMOCTH OT TOJIIMHBI (peppOMAarHETHKA, YTO SIBIISETCS
pe3yabraToM uHTepdepennun Padpu —I[1epo 3IeKTPOHHBIX
BoJIH, oTpax&éHHbIX Ha S/F u F/F rpanunax pasnena.

B muddysubix SFS-cTpykTypax, HCNoJIb3yeMbIX B JKCIIe-
pumenTax [56 —61], paccestHue Ha TpUMeCSIX JIeJIaeT HATIPAB-
JICHHSI paCIPOCTPAHEHUS DJIEKTPOHOB CITYYaifHBIMU H, CJIeI0-
BaTeJIbHO, MOXHO OXHAATH IOJABIICHUS OBICTPO OCIUJIIU-
PYIOIIEro aHOMAaJIBHOTO TOKa. VcciemoBaHMs Ha OCHOBE
KBa3UKJIACCUKH TU(PDY3HBIX IKO3EPCOHOBCKUX MEPEXOJIOB C
Pa3IMYHBIMU HEKOMIUIAHAPHBIMU CTPYKTYPaMHM, BKJIFOUAS
crimpaybHbIe [62], ¢ MATHUTHBIMA BUXPSIME [63] 1 ckupmMuo-
Hamu [64], He moka3anu Bo3uukHOBeHus AJE. Hanportus, B
paboTax, MOCBIIMEHHBIX (D Y3HBIM CHCTEMaM C TOJIyMe-
TasumMyeckumu asieMentamu [15, 50] u mepexogaM Mexay
MAarHUTHBIMH CBEPXIPOBOJHUKAMU CO CIUHOBBIMH (PUIIBT-
pamu [54, 55], mpeacka3bIiBaeTCs KOHEYHBIM aHOMAJIbHBIN
TOK.

OmHIM W3 BaXHBIX PE3YJIbTATOB, MPEJICTABIICHHBIX B
HACTOSIIIEM 0030pe, SIBJISIETCSI OTHOCHTEIEHO KOPOTKOE Bpe-
Ml HEPEKJIFOUEHNS] HAPABJIEHUS] MATHUTHOI'O MOMeEHTa (ep-
pOMAarHeTHKa B @ -Tepexoje (MHTepBal NepeMarHUYHBa-
HUS), TIOJYYeHHOE TP BO3JCHCTBUU UMITYJIbCA TOKA HA Te-
pexon. Kak ciemyeT w3 NpUBEIEHHBIX PE3yJIbTATOB (CM.
nanee puc. 39a u puc. 40, rae BpeMsi HOPMHUPOBAHO Ha
00paTHytO (PeppOMArHUTHYIO YAaCTOTY), BpeMs IepeMartu-
yuBaHus wpt ~ 100, 4TO COOTBETCTBYET BPEMEHH HEPEKIIIO-
vyenst 1078 ¢ qis TUMMYHBIX 3HAYEHHMH (eppPOMATHUTHOMN
qacToTel wp ~ 10 I'Tm. OnTtumuzammsi mapamMeTpoB HUM-
IyJibCa TOKA U (-Iepexojia, NpoBeaéHHas B padore [65] (u
MPOAEMOHCTPUPOBAHHAS Jajiee Ha puc. 44), NpUBOIUT K
BpeMeHH mepeMaranunbanus ¢ ~ 0,6 x 107! ¢, uto Ha nBa
MOpsIIKA MeEHbIIE MPUBEACHHON BbIlIe OIeHKH. C IeJbio
ONpeJICJICHUS] ONTUMAJILHOM paboueit TemrepaTypbl Mpe-
JIAraeMoTO 3JIEeMEHTa MaMATH B paboTe [66] mcciieqoBaIoch
BO3JICiCTBHE IITyMa HA YCPETHEHHYIO CTAIMOHAPHYFO HAMar-
HUYCHHOCTh C YYETOM TEIUIOBBIX (DJIYKTYAIIUA, BIMSFOIIIX
KaK Ha JpKo3e(coHOBCKYHO (pa3y, Tak M HA JMHAMUKY Mar-
HUTHOTO MoOMeHTa. [Ipyu 3TOM OIleHKa BPEMEHHU TNEPEKIIIO-
YeHHS! ¢ YUYETOM TEIUIOBBIX (DJIYKTyallMid TakXKe COCTaBHIIA
6IM3KyI0 BEJIMUKHY, 2 MMEHHO, ObLI0 motydeno £ ~ 1077 c.

B HacTosmem 0630pe mpecTaBiIeHbI pe3yIbTaThl TeOpe-
TUYECKUX U IKCIIEPUMEHTAIBHBIX paOOT, MOCBSIIIEHHBIX aHO-
MaJsibHOMY 3¢ dekTy JIxo3edcoHa, npuBeIeHbI TPUMEPBI €T0
MPOSIBJICHUS B PA3JIMYHBIX CUCTEMAX, YKa3aHbI IEPCIIEKTUBbI
UX IPUMEHEHUN.
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2. AHomaJbhblil d¢dexT /x03edcona.
OcHoBHbIE CBOiicTBA

B maHHOM pa3sjesie paccMOTpeHa pean3alys IPsIMOU CBSI3H
MEX/Ty MarHUTHBIM MOMEHTOM H CBEPXITPOBOISIIIAM TOKOM
B JK03e()COHOBCKOM ((-TIepexojie COTJacHO Mmojenu bys-
nuHa. OOCyx)aaercs ynpaBJjeHHE MarHUTHBIM MOMEHTOM
(beppoMarHeTHKa ¢ TOMOIIBIO CBEPXIPOBOISIIIETO TOKA, a
TaKXe MPEACTABIICHO ONMCAHNE HEKOTOPBIX SIBJICHHH B (-
nepexoge. A UMEHHO, PACCMOTPEHO MPOSIBJICHUE CBONCTB
MasTHUKa Kanuipl, mepeHopMUPOBKA TYHHEJILHOTO paciile-
TIJIEHUS B3AaUMOJIEHCTBUEM MEXIY MAaTrHUTHBIM MOMEHTOM U
HapaMeTpoOM CBEPXIPOBOMISIIIETO MOPSAOKA B ()-IIEpexoe,
BO3MOXHOCTb OOHAPYXUBATh HA OCHOBE (-TIEPEX0/1a KBaH-
TOBOE TYHHEJIMPOBAHME W KBAHTOBBIC OCIUJUISIINA MArHAT-
HOTO MOMEHTA MyTEM U3MEPEHHU sl HATPSDKEHU ST Ha IEPEXO/Ie,
a TaKXe KOHTPOJIUPOBATH CKOPOCTh MArHUTHOI'O TYHHEJIH-
pPOBaAHUS CBEPXTOKOM Uepe3 MEPEXOI.

2.1. Peanuzanust npssMoii CBSI3H MeKTy

MAarHHTHHIM MOMEHTOM H CBEPXNPOBO/ISIIIIUM TOKOM

B [I5k03e()COHOBCKOM () -Tiepexo/ie

B 00BIYHBIX K03e()COHOBCKUX ITEPEXOJAX CBEPXIPOBOTHUK/
HM30JITOP/CBEPXIPOBOJTHUK 3aBUCUMOCTh TOK — (pa3za BOIM3U
KPUTUYECKOW TeMIepaTyphl SBISETCS CHHYCOUIATBHOM:
I(¢p) = I sin ¢, OJHAKO C TIOHMXEHHEM TEMIIEPaTypbl MO-
KT HAOJIFOAThCS BKJIA BBICIIMX [APMOHUK ~ I, sin (ng),
HO IpPH 3TOM 3aBUCUMOCTb TOK—da3a ocTaércs aHTHCUM-
merpuunoit: I(—¢@) = —I(p) [4]. [Ipu HapylIEeHHH CHMMET-
pUU OTHOCUTEJILHO OOpallleHUsI BpeMEHM BO3HHMKAaeT OoJiee
obmas 3asucuMocts I(¢) = Iy sin (¢ + ¢,), 0 4éM yka3bIBa-
Jtock B paboTe JIxo3zedcona [67]. Takas ob1iast 3aBUCUMOCTD
TaKxke npeackaspiBaetcs B JI1 ¢ HETpaJUIIMOHHBIMU CBEPX-
npoBOIHUKAMU [41, 43, 44].

By3auH [6], ucnosb3ys peHOMeHOIOTUIeCKUe YPaBHEHUS
I'ma36ypra—Jlangay (I'JI), mokaszain, uro AI1 ¢ MarHUTHBIM
HOPMAaJIbHBIM METAaJIIOM B KauecTBe ciadoi cBsizm ¢ SO-
B3aMMOJIeHcTBIeM Tuna Pamosr obnagaer crermpmyeckon
HECUHYCOUJAIbHONH 3aBHCUMOCTBIO TOK—daza. OcHOBHOE
COCTOSIHHE TAKOI'O TMEpeXoJa XapaKTEepU3yeTcsl KOHEYHON
pasHOCTBIO (a3 ¢,, KOTOPast MPONOPIUOHATbHA BEJIHMYNHE
SO-B3auMopeiicTBUsT 1 OOMEHHOW JHEPIrUM B MArHHTHOM
MeTajute. B pesynbpTaTe peanmsyeTcs mpsMasi CBSI3b MEXIY
MAarHuTHBIM MOMEHTOM U JK03€()COHOBCKMM TOKOM, a CO-
oteercTByromue JAIT cTtamm Ha3bIBaTh ¢y -nepexogamu. Toi-
IIMHA METAJTMIECKON MPOCIOUKH B TAKOM MEPEXOE OIpe-
niensieT BeIMYMHy (Ha3oBOTO CIBHTA, YTO MOXET MpeAcTa-
BJIATH WHTEpPEC ISl CBEPXIPOBOJIHUKOBOIN CIHMHTPOHUKH.
CrieryeT OTMETUTH Pa3HHUILY 11O CpaBHEHHMIO co cirygaeM JI1
¢ mpeobiagaronield BTOPOl TapMOHUKOW, TJie TaKXe BO3-
HUKaeT cABUI (asbl yepe3 Mepexo] HpU OTPULATETIHLHOM
C/BHUTE BTOPOI TAPMOHMKH, HO TaM HET CBSI3W MEXy Mar-
HUTHBIM OOMEHHBIM IIOJIEM H CBEPXIPOBOIsIIEH (ha3oil.
AHOMaJIBHBIE CBOICTBA ()-TIEPEX0/ia CBS3AHBI C OCOOCHHO-
CTSIMHM CBEPXIIPOBOAIIETO 3pdexTa 6,1M30CTH B MATHUTHOM
MeTaJlle ¢ HapyIIeHHOW CUMMeTpHel HHBepCUN.

Oco0blii XapakTep 3JEKTPOHHOTO CHEKTpa B MaTepualiax
C HapyIIEHHO CHMMeTpHel WHBEPCHH BO3HUKAET 3a CUET
CNUH-OPOHUTANbHOM cBsi3u Tuna Pamber [68, 69] a6 x p)n,
I N — €IUHUYHBIA BEKTOP BJIOJIb FpaleHTa aCUMMETPHY-
HOTO NMOTEHLMAJIA, a HapaMeTp o ONUCHIBAET MHTEHCUBHOCTh
SO-B3auMOIeHCTBUS. DTOT TUI B3aUMOJICHCTBUS NP YUETE
ob6MeHHoTrO o151 h, IeficTByIOIIEero Ha 3JIeKTPOHHBINA CIHH,
MPUBOJIUT K CIIETYFOIed MIIOTHOCTH CBOOOAHOM sHepruu ['J1

Aexp (ip/2) dexp (—ig/2)

—L +L

Puc. 1. T'eomeTpus 1x03e(pCOHOBCKOTO NEPEX0Aa C METAJIOM C Hapy-
LIIEHHON CUMMeTpHEl UHBEpCUM B KavecTBe ci1adoro 3seHa. OOMeHHOe
T0JIe HAIPABJICHO BJOJIb OCH Z, & TPAJIUEHT ACUMMETPUYHOTO MOTEHIHA-
J1a — B10JIb oc y. OOmas anmmHa ciaboro 3BeHa coctasisier 2L. (U3
paborsl [6].)

[70, 71]:

F=ayf +5IDP + 31pl* — enlh < (4(DY) + 9 (DY))]
(n

rJie }y — CBEpXNPOBOJSIIIUNNA mapamMeTp mopsiaka, D; =
= —10; — 2eA;, a u b — xo3¢p¢unmentsr ['JI, y — rupomar-
HUTHOE oTHOIIeHUe. OCOOBI XapaKkTep CBEPXIPOBOIUMOCTH
B MaTepHaJie ¢ HApyNIEHHOW CHMMETpHUE NHBEPCHU OTIHMCHI-
BaeTCs nmocjeaHuM wieHoM B (1) ¢ koapdunueHTOM € ~ 0.

ITpenebperasi opOuTanbHbIM 3PPEKTOM B IEOMETPUH,
re BEKTOPHI n 1 h B3aMHO NepHeHIUKYJIISPHBI U HEPIeHTU-
KYJISIpHBI HAMPaBJICHUIO TOKa (OCh X, puc. 1), a Takxke mpe-
HeOperasi HeJIMHEWHBIMU 4YieHaMu, ypaBHeHwe ['JI mMoxHO
MIPUBECTH K BUY [6]

oy oy

al//—y@—i-Zlaha:O, (2)

PEIICHUC KOTOPOro UMECT BUL

W = Aexp (q1x) + Bexp (¢2x),

rae & = ¢h/y. BeipaxkeHue s CBEPXIPOBOSIIETO TOKA B
npejeiie JIMHHOTO mepexoga L+/a/y —&2> 1 3anucel-
BAeTCs B BUJIE

j=dey|a? /L~ 82 exp (— 2, /4 - §2L> sin (@ + 26L), (3)
y y

T.€. ¢y = 2EL.

AHajoru4Hash 3aBUCHMOCTb MOXET OBITh IOJIyYeHA C
TOYHOCTBIO J10 |4 |2 MpU TeMIiepaTypax, OJIM3KUX K KpUTHYE-
ckoil T, €CM BOCIIOJIb30BAThLCSI BBIPAXKEHUEM U1 CBEPX-
MPOBOJSAIIEIO TOKA 4Yepe3 aHOMayibHble (yHKIuU [ puHa

Sij(v, 1)
J=—1eNO)rTe Y (ve[ fia(v,x) fi3 (v, %) +

(&3]

+f21(V, x)fler(Va X)]> ) (4)

rae N(0) — MJIOTHOCTb COCTOSIHUN Ha ypoBHe Depmu.
AnomanbHBIe GyHKINE I'prmHA f;;(V,r) OmpemenstoTcs W3
ypaBHenuit DitnenGeprepa [72]. Ilpu yciaosuu L > v/h
TJIaBHBIA BKJaJd B (4) maroT HAmpaBJICHUS C |vy| Sv u
(dbopmyJia A1t TOKAa IPUHUMAET POCTON BUJL

(@) =Jo cos (4L /v + m/4) n ((p + 4ochL> . (5)

VAL v v?
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vA? (m\?
o =eN(0) — (=
neeno ()

U B OTCYTCTBHE CIHMH-OPOUTAILHOIO B3aUMOJEHCTBUS
(0. = 0) 3TO BBIpaXKEHHE COBMAJAET C COOTBETCTBYFOIIHM
BeIpakeHneM 1151 2D SFS-nepexoma u3 pabotsr [7]. Como-
craiisisi (5) ¢ hopmyItoit st j(¢), MOJIy4eHHOI HA OCHOBE
teopun ['mu3Oypra—Jlannay (3), MOXKHO BUAETH, YTO CIBUT
daswl @y = 40hL/v* B 060UMX Cily4asx NPOTNOPIHOHATIEH
BestmunHe SO-B3amMmoeicTBust U npousseacHuto hL. C
JIPYroil CTOPOHBI, KPUTUYECKUI TOK B (5) ocumyuupyert ¢ L,
MEHSISI CBOM 3HaK, 4To TUmu4yHO isi SFS-mepexomoB c
CHJIbHBIM OOMEHHBIM TIoJieM /i > T, [3]. Takue ocuuasnuu
otrcyTcTBYOT B npubnmxenun ['JI (3), mockoJibKy OHO
cupaBeyiuBo 1pu /1 S T, MHA4Ye rpaJueHTHbIE YwieHsl B (1)
W3MEHSIIOT CBOM 3HAKH U BO3HUKAET HEOOXOIUMOCTH YUéTa
BBICIIIMX TPOU3BOJHBIX. DTOT MOJAU(PUIMPOBAHHBIN (YHK-
nmona ['JI eficTBUTEIbHO KAUeCTBEHHO OIMCHIBAECT OCIIUII-
JISIIIAA  CBEPXMPOBOAIIETO MapaMeTpa Mopsaka mpu -
¢ekre 6mu3octu B crpyktype S/F [3].

Kax noka3zano B pabote [6], B 1D-mMonenu cnaboit cBs3u
(oTHOKaHAIbHOE TPUOJIMKEHNE) TOK-(Pa30Basi 3aBUCUMOCTh
MOJIy4aeTcsi aHAJIOTHYHO (5):

nvA? o +4ochL 4|h|L ©)
2T, S ® 2 cos " .

Beliiie mpuBeneHbI Pe3yJIbTATHL B YUCTOM mpezesie (ba-
JucTrdeckuit pexum). B muddysnonnom pexnme yaoOHBIH
noaxon obecreunBaeTCs ypaBHeHHMsIMU Y3ajuens [73] s
¢yukuuii ['prHa, HHTErPUPOBAHHBIX 110 HoBepxHOCTH Pep-
mu: Fi(r) = (f;;(v,r)). CBepxmpoBoismuii TOK B 3TOM
Clly4ae TaKXe MOXeT ObITh MpeacTaBiieH B Buae j(¢) =
= josin (¢ + ¢,). CienoBatespHo, popMupoBaHue ¢ -nepe-
X0Ja Ha OCHOBE MAaTEPHAJIOB C HAPYLIEHHON CUMMETpPHEN
UHBEPCUM — JOCTATOYHO OOIllee SBJIEHHE, KOTOPOE MOXKET
HaOJIIOIAThCS KaK B YACTHIX, TakK U B "Tpsa3HbIX" mpenesiax.

J(¢) = eN(0)

2.2. YupaBjieHne MarHiTHHIM MOMeHTOM ¢eppoMarHeTuxka
€ IOMOIIbIO CBEPXINPOBOIAIIEr0 TOKA

B mx03e(cOHOBCKOM ¢ -TIepexo/ie CABUT (ha3bl MPOIOPIIO-
HaJIeH MarHUTHOMY MOMEHTY, HEepPIeHAUKYISIPHOMY Ipa-
JIUEHTY aCUMMETPUYHOTO CHMH-OPOUTAJIBLHOTO NMOTEHIUAIA
[6], uTO 0OyCIOBIMBAET BO3MOXKXHOCTD YIPABJICHUS BHYTPEH-
HUM MArHUTHBIM MOMEHTOM (eppOMAarHUTHOTO CJIOS C
MTOMOIIBIO CBEPXIPOBOISIIEH pa3HOCTH (a3, T.e. JxKo3edco-
HOBCkUM TOokoM. CrmaoBass nuHamuka SFS-mepexoma B
MoCJIeJHEE BPeMsI MHTEHCUBHO H3Y4YaeTcs, IEMOHCTPHUPYS
LEJIbIA Psii YHUKAJIbHBIX CBOMCTB. OTMETHM HHOHEPCKYIO
paboty [74], B KOTOpOIi HAOJIIOIATIOCH CyX)eHne peppomar-
HUTHOTO PE30HAHCA HIDKE TEMIIEPATYPHI CBEPXITPOBOISIIETO
nepexoaa B Nb/NiggFeyy. JuHAMHUKA OJMHOYHOTO CITHHA B
JK03¢(DCOHOBCKOM TepexoJie M3yvaiach TEOPETHUYSCKH B
paborax [75— 78], AMHAMUYECKU UHAYIIUPOBAHHBII TPUILICT-
Hblid 3 ekt O6mu3octu B SFS mpomeMoHCTpupoBaH B
pabotax [79, 80], a cBolicTBa MEPEXOJIOB C HECKOJIHKIMU
(beppOMArHUTHBIMU CIOSMHU C PA3JIUYHOW HaMarHUYEH-
HOCTBIO 00cyxaamch B [31, 32].

Uccnenosanus SFS ¢, -nepexofga B HHU3KOYACTOTHOM
pexume fioy < T, (toe wy =2eV/h — mxo3edcoHOBCKas
yacToTa) [7] ¢ MCHOJIB30BAHUEM KBA3MCTATUYECKOTO TMOJ-
X0JIa K CBEPXIPOBOJSIIEH MOACUCTEME, B OTJIMYNE OT CITy-

Puc. 2. T'eomeTpust paccMaTpuBaeMoOTo ¢ -nepexoaa. deppoMaruuTnas
JIETKast OCh HANPABJICHA BIIOJIb OCH Z, KOTOpAsl TAKXKE SIBJISIETCS HATIPAB-
JICHHEM TpaIieHTa CIMH-OpOUTAILHOT O ToTeHnuaia. HamaraumueHHoCTD
KOMIOHEHTBI M, CBSI3aHa ¢ 1%k03e()COHOBCKUM TOKOM Uepe3 CIBUT (ha3bl
@o xn(M x V¥), rue ¥ — cBepxnpoBoasiuuii mapamerp nopsiaka (V¥
HaIpaBJieH BJ10Jib ocH x). (M3 pabotsl [7].)

yas, nmpoaHajau3upoBaHoro B [79, §0], mo3Boamio caenats
BBIBOJI O TOM, YTO CBEPXIPOBOISIIUI TOK MOXKET OKa3bIBATh
CHJIbHOE€ OPUEHTALMOHHOE BJIMSIHAE HA MAaTrHUTHBI MOMEHT
(beppomMarauTHOTO CiI0s. UTO emié nHTepecHee, epeMeHHbII
J1K03e(PCOHOBCKUI TOK IPH BO3HUKHOBEHUU dC-HATIPSDKEHUST
V Ha @(-1iepexo/e BbI3bIBAET MArHUTHYIO MPELECCUI0, KOTO-
past MOXXET KOHTPOJUPOBATECS MOSBJIEHUEM BBICILIUX TaPMO-
HUK B COOTHOIICHUN TOK — (a3a, a Takxe dc-KOMIOHEHTHI B
CBEpXIPOBOISIIEM TOKe. B onpeneI€éHHBIX pexXxuMax MOXKET
HAOJIF0IAThCS TTOJTHOE MIepEeMArHIYMBAHKE, a B CITy4ae CHJIb-
HOW CBSI3U MEXJIy MATHUTHON M CBEPXIPOBOISIICH MOICUC-
TEMaMHU BO3HMKAIOT CJIOXHbIE HEJIMHEHHBbIE TUHAMUYECKHE
pexumel [7].

YT0oOBl MPOJEMOHCTPUPOBATH HEOOBIUHBIE CBOWCTBA
@o-tiepexoma, B pabote [7] paccMOTpeH CiIydail MaTHUTHON
aHM30Tponuu (hpeppomMarneTuka tuna "nérkas ocs" (puc. 2).
W nérkast och, ¥ TPATUCHT ACHMMETPUYHOTO CIUH-OPOU-
TaJILHOTO MOTEHIMAJA N HANpaBJIeHbl BIOJbL ocu z. Ilpen-
M0JIaraJioch, YTO MOAXOISAIIMME MaTepHaIaMu JJIsl IpoMe-
xkyTtouHoro ciost F moryr 6eiTb MnSi nmn FeGe. B aTux
CHCTEMax OTCYTCTBHE IIEHTPA HHBEPCUU CBSI3aHO C KPUCTAJ-
JINYECKON CTPYKTYPOM, HO TMPOUCKOKICHHE CUMMETPHHU C
HapyLIEHHOW MHBEpCHEN MOXET ObITh OOYCJIOBJIEHO BHEII-
HUMH (pakTOpamu, Kak, Hampumep, BOJIU3M MOBEPXHOCTHU
ToHkoil F-mnénku. Otmerum, 4yto B pabote [7] HE yYUTHI-
BaJlaCh MArHUTHAsT WHIYKIHUs, KOTOpasi B X)-IUIOCKOCTH
npeHeOpeXKuMO Majla JUisl TOHKoro ciiosi F, Torma xak Ko-
3GGUIMEHT pa3sMarHUYUBAHUSI YHUYTOXAET BHYTPEHHIOIO
MHIYKIUIO BIOJIb ocH z (N = 1). CBsi3pb MeXay MOICUCTE-
mamu F u S, obOycnopiennas opoutaibHbiM 3pdexTom,
ObuTa M3yueHa B pabote [81] M, Kak 0Ka3ayoCh, SIBJISICTCS
OueHb CJIA00H U KBAIPATUYHOMN IO MATHUTHOMY MOMeHTY M
IUTs1 ctyvast, korja notok M depes ciioit F masi o cpaBHeHHIO
C KBAHTOM moToka @y = h1/2e.

Ilpu I < I; nojHasi 3HEPIus @)-Nepexo]a OnpeaeIseTcs
BBIpaXeHueM [82]

(]
Eior = — 2_7_(; ol + Es((p7 900) + EM(QD()) ) (7)

I'JIe CBEPXIPOBOIAIIAS YACTh HIMEET BUJL
Ei(¢,99) = Ej [1 —cos (¢ — q’oﬂ . )

B GammucTrdeckoM Mpejiesie OleHKa XapakTEePHOR KO-
3etconoBckoi sueprun Ey = @yl /21 npuBoaut Kk Pyl /S ~
~ TckEsinl/lcl = 4hL/hvg,tae S, L u h— cevenue, nnuHa
n ooMenHoe ToJte citost F coorBercTBenHo [3]. Casur ¢aszbr
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ONPEACIIACTCA KaK
(o) M,
VF M() ’

Py = )
rJie MapameTp vso/Up XapakTepu3yeT OTHOCHUTEIbHYIO WH-
TEHCUBHOCTh CHUH-OPOMTAJILHOTO B3aUMOJICUCTBUS [6].
Ipennonaraercs, 4to vso/vp ~ 0,1.

Bxiiag MarHuTHOM SHEPTUM CBOIUTCS K SHEPTUU aHU30-
TPOIIUU

EM——KV<MZ)2, (10)

2 \ M,
rae K — nmocTosiHHas aHu30Tponuh, a V — 00béM F-crost.

EctecTBeHHO, MOXHO OXHIATh, YTO HamboJee HHTepec-
Hasl CUTyaIlisi COOTBETCTBYET CJIyYaro, KOTJa SHEPTHsl Mar-
HUTHOM aHU30TPOIMHU HE NPEBBIIIAET CJIUILIKOM CUIIBHO KO-
3epcoHoBCKyrO 3Hepruto. M3 u3mepenuii [83] Ha nepmasuioe ¢
oueHb craboii anusoTponueii cenyer K ~ 4 x 10° K A3, C
JIpyroil cTopoHsl, TUnuYHOe 3HaueHue L B SFS-mepexone
cocraBiser L~ 10 umM u sinf/¢ ~ 1. Torga oTHOIICHHE
JOK03e(h)COHOBCKOI sHepruu kK MaruutHoit Ey/Ey ~ 100 mpu
T. ~ 10 K. EcrecTBeHHO, B peaJlMCTUYHOM cilydae OoJiee
CHJIbHOM aHM30TPOINMUH 3TO COOTHOIIEHHE OyIeT MEHbIIIE,
HO MOXHO OXHUAATh OOJIBIIIOE Pa3HOOOpa3he PekXHUMOB B
nuanasone ot Ey/Ey < 1 10 Ej/Ev > 1.

CHBHT CBEpXIPOBOJSIIEH pa3HOCTH (Pa3 ¢ U mpereccus
MarHuTHOro MoMeHTa M, = M sin 0 (rae 0 — yroa Mexmay
OCbIO z M HampaBjeHueM M) OIpenessitoTcss U3 YCJIOBHS
MHHHMYMa 3HePrun Oy, Eior = Oy, Lot = 0, YTO IPUBOIUT K
_Ey wso

I
ing——r, T
s ’ KV o

I (1)
DTO O3HAaYaeT, YTO CBEPXIPOBOSIINIA TOK BBIHYXIAeT
BpallleHle MaTrHUTHOIO MOMeHTa M, B ILIOCKOCTHU Yz.
[Mostomy [uIst MajibIX yriioB 3aBucuMocts (1) nuneiina. B
MpUHIHIE, TapaMeTp I MOXET ObITh OOJIbINE eAMHUIIBI. B
TAKOM CIly4ae TpH BbIMOJNHEHUU yciosust I/1, = 1/I" mar-
HUTHBIH MOMEHT OyAeT OPUEHTHUPOBAH BIOJbL OCH ).
[Tostomy mpuinoxenue dc-CBEpXIMPOBOMSILIETO TOKA HU3Me-
HSIET HANIPABJICHUE HAMATHHYEHHOCTH, TOTIa KaK MPUIIOKe-
HHE TIEPEMEHHOTO aC-CBEPXIPOBOMISAINETO TOKA K ¢y -TIepe-
X0y MOXET TFeHepUpOBaTh MPEUECCUI0 MArHUTHOI'O MO-
MEHTA.

B pabote [7] ormedanock, yTo Korga rpaaueHTt SO-
MOTEeHIMAJIa HAPaBJIeH BJOJIb y (MEPIeHINKYIISAPEH JIETKOR
ocu z), To ¢y = {(vso/vr) cos 0. Ilonnast sneprust (7) umeer
nBa MuauMyMa 0 = (0, ), TPy IPHJIOKEHUH TOKA BBIPOKIe-
HHE MEXIYy HUMH CHUMaeTcs. TeM He MeHee JJ1s1 Iepexo/ia U3
OJHOTO MUHMMYMa B APYroil CyIIeCTBYET HEPreTHYecKuit
Gaprep. ITOT Gapbep MOXKET UCUE3HYTH, ecu [ > 1 U TOk
jpoctatouHo Besmk: [ > I./I. B TakoM pexume cBepXIpo-
BOJISIIMIA TOK OyJIET BHI3BIBATH MEPEKIIFOUCHNEC HAMATHUYCH-
HOCTH MEX/1y ABYMsI CTAOMIIbHBIME KOHUTyparmsmu: 0 = 0
u ) = T, 9TO COOTBETCTBYET MEPEKIFOUEHIIO MEXTY COCTOS-
HUSIMH +@, U —@,. CUUTBIBAHUE COCTOSIHUS ()-TIepexoaa
MOJXET OBITh JIETKO BBITIOJIHEHO, €CJIH OH SIBJISIETCSI YACTHIO
HEKOTOPOIl CXeMBI, MOAOOHOH CKBUAY (((-TIEPEXO BBI3HI-
BaeT CIBUT TUPPAKIMOHHON KapTUHBL HA () [7].

JI1 B pexxuMe 3aJaHHOTO HAIIPSKEHUS U COOTBETCTBEHHO
nepeMeHHbId 3QdekT dxo3edcona odbecrneynMBarOT UIeab-
HBIIl HHCTPYMEHT JJIs1 U3YUYEeHUsSI MAaTHUTHOW TUHAMHKH B
@o-niepexoze. B TakoMm cirywae cBepxmpoBopsmas dasza nu3-

MeHsieTCsl co BpeMeHeM kak ¢(t) = wyt. Ipu hoy < T,
MOXHO HCIOJIb30BATh CTATHYECKOE 3HAYCHHE JIsSi SHEPrUH
AIT (7), paccmatpuBasi ¢(f) Kak BHELIHMH MOTeHuMasi. B
JKO3e(PCOHOBCKUX TIEPEXO0/IaX C TOHKAM (peppOMArHUTHBIM
CJIOEM CBEPXITPOBOISINASI PA3HOCTD (Da3 M HAMATHIYCHHOCTh
F-ciios1 SIBIISIFOTCSL IBYMSI CBSI3AHHBIMU TUHAMHYECKAMU IIe-
pemennbiMu. CucTema ypaBHEHHI, ONUCHIBAIOIIAS JMHA-
MHKY 3THX MEPEMEHHBIX, oOpasyercsi w3 ypaBHeHus JlaH-
nay —JInpumna — F'unebepra (JIJIT) [84] m cooTHOIIEHMIA
Ixo3epcona mis pasHoctu ¢as u toka. B wactHoctu, nu-
HAMHUKA HAMArHHYEHHOCTH CHCTEMBbI OIUCHIBAETCS YpaBHE-
Huem JUIT ¢ ahex TMBHBIM 1OJIEM, 3aBUCSIIIIMM OT Pa3HOCTH

(das:

dM o dM
O M xHar+ -2 (Mx &2
T VL X err+M0< X dt)’ (12)
K[ . M,\. M. .
Heff—ﬁo|:GrSln (QD—I"VO))’ VOZ:|,

r7e Y — FUPOMAaTHATHOE OTHOIIICHHE, ¢ — (PEHOMEHOJIOTHYe-
CKUIl TapaMeTp IUCCHUIAINU, ¢ — PA3HOCTH (a3 Mexay
CBEpXMPOBOJHUKAMH BIOJb mepexona, My = M|, G =
= Ey/(KV), K — mocTosiHHast aHU30Tponuy, V — 00BbEM
F-ciost, r = lvso/vr — mnapamerp SO-B3auMOIENUCTBUS,
vs0/VF XapakTepu3yeT MHTEHCUBHOCTb SO-B3ammojeil-
cTBusl, up — ckopocTb Depmu, [ = 4hL/(lhvp), L — niavHa
F-crosi, h o6o3HauaeT oOMeHHOe 1oJie B (heppoMarHuTHOM
cnoe. [1onHas cucrema ypaBHEHUH, UCTIOIb3yeMasi B YUCIICH-
HBIX pacuéTax, B HOPMUPOBAHHBIX €ANHUIIAX IPUHUMAET BT

. WF .
iy = m{ — mym; + Grm_ sin (¢ — rm,) —
— [mvm2 + Grmym, sin (¢ — rmy)] } ,
. WF
iy =12 {mxmZ -
- oc[mym_,z — Gr(m? +m?)sin (¢ — rmy)] } , (13)
m. = % { — Grmysin (¢ — rmy,) —
— a[Grmym. sin (¢ — rm,) — m.(m? + mlz)] } ,
dv 1 dm, . de
STV —m))], Loy
i B [ +r—g - sin (o —rmy)], 5 ,

rae B, =2el.CR?>/l — mapametp Makkambepa, m; =
=M;/My nns i = x,y,z 1 wp = Qp/wc ¢ 4acToTO! (heppo-
MAarHuTHOTO pe3oHaHca Qp = yK/M, u xapakTepucTuye-
CKOM 4acToToil w, = 2¢RI;/h. 3mech BpeMsi HOPMUPOBAHO
HA @ !, BHemrHUit TOK / HOPMHPOBAH HA I, U HANpsKEHHE
V—mua V. = I.R.

OOBIMHO MaHHASI CHCTEMa YPABHEHUH PEIIaeTcsl YhC-
sierHo MetosioM Pynre—Kytra mnm INaycca—Jlexannpa, B
pesyabTaTe uero ompepenstorcs my(t), V(i) u ¢(t) xak
(yHKIIME BpeMeHHU U BHenHero toka /. ITocie mpornemypbl
ycpeaHenus [85, 86] BbIYHCIISIETCS BOJIbT-aMIIEpPHAS XapaKTe-
pUCTHKa TIpH (PUKCHUPOBAHHBIX TapameTrpax CUCTeMbl [35].
Hixe nmpuBengn psia pe3yibTaTOB MOJIEIUPOBAHNS CBONHCTB
((-TIepexoia Ha OCHOBE CUCTEMBI ypaBHeHHH (13).

2.3. IposBJienne ¢eppoMarHUTHOrO pe3oHaAHCA

Ha BOJIbT-aMIICPHOIl XapaKTepHCTHKe ¢)-liepexoaa
®eppomarauTHelii pezoHanc (PMP) — 01HO U3 OCHOBHBIX
sIBJICHUH, BO3HUKarOIMX B SFS-cTpykType npu mpubimke-



AHOMAJIbHBIN DPDEKT JIKO3ZEPCOHA 351

T.192, Ne 4
a
1,0 -
% G=0,1,r=0,5
o=0,1,op =0,5
08| =25 7 |
|
|
|
0,6 |
{ |
-~ ) = 0F ‘
0.4 ‘ T
|
0,2 -
f
—_—
| | 1 | 1
0 0,2 0.4 0,6 0,8 I 1,0
6
I 0,2
m‘l:nax
Lo~ 0.1
0 | T
05 10 , 15 .
0s | |

P A -
0 // WP ot rgrmrtritne™ \W\wnww.»ﬁ.%mml—m
| | | | |

0 0,2 0,4 0,6 0,8 I 1,0

Puc. 3. (a) IIposBienne deppomMarauTHoro pezonanca Ha BAX ¢-
nepexona. (6) 3aBHCHMOCTL CpeIHEro 3HAYCHHS CBEPXIPOBOISIIEIO
TOKa 0T 0a30Boro Toka. Ha BcTaBke moka3aHa 3aBUCHMOCTb MaKCHMAJIb-
HOM aMILTATY /bl Mm% OT CPEeIHETO HANIPSIKEHHUS, HA KOTOPOH Habro1a-
etcst peoHancHbIi nuk. (M3 pabotsr [87].)

HUM K03€()COHOBCKON YaCTOTBHI K 4acTOTE€ COOCTBEHHOM
Mogsl peppomarHetuka. Jmnsa gemoncTpamua ®MP B -
nepexone Brojib BAX B pabotax [35, 87] ompenesnsauch
MaKCUMajbHOE M MHHHUMAJIbHOE 3HAYEHHE KOMIIOHEHT
HAMarHM4eHHOCTH, B YACTHOCTH, m}‘,“"IX u m}‘,“i", paccurTaH-
HBbIE IPU KaXXIOM 3HaueHUu 6a3oBoro Toxa. GeppomMartut-
HBIA PE30HAHC TakXe HAOI0JaeTCsl Ha 3aBUCUMOCTH Cpel-
HEro CBEPXIPOBOSIIErO TOKa 4epe3 IMepexos OT 0a30BOro
toka. Ilposasienue ®MP wtrocTpupyercst Ha puc. 3, rae
npencrasieHa BAX 1xo3ep)coHOBCKOTO ¢ -niepexoaa, KoTo-
pasi IEMOHCTPUPYET CrIeNUPUUECKOE TTOBEICHUE B OKPECTHO-
CTH, T/1e 1K03e()COHOBCKAs YaCTOTA COBNAIAET ¢ eppomar-
HUTHOH, T.e. B o0mactu ®MP [87]. 3aBucUMOCTh CpeHEro
3HAYEHUS] TOKA CBEPXIIPOBOAUMOCTH OT BEJIMINHBI 0230BOTO
TOKa Takxe AeMoHcTpupyeT Hajamuue ®MP B Bune maxcu-
myma nipu [ = 0,6 (puc. 36). PeppoMarHuTHBIA PE30HAHC
SICHO IIPOSIBJISIETCS HA 3aBUCUMOCTU MAaKCUMaJIbHOI'O 3HAYe-
HUSl aMIUTATYAbl OCHMIIISIUI /71, OT HAIPsDKEHMs, TTOKa3aH-
HOW Ha BcTaBke K puc. 30. [TpuBenéHHble 3aBUCHMOCTHU
OTpaXaroT B3aHMMHOE BIIMSHHE JK03e(HCOHOBCKOTO TOKA

Puc. 4. [IemoHcTpanus nposiBjicHust peppoMarHUTHOrO pe30OHaHCa Ha
BOJIbT-aMIIepHOI XapakTepucTuke. [lokaszansl yactu BAX ¢(-nepexona
s G =0,1, « = 0,1, op = 0,5 npu pa3INYHBIX 3HAYCHUSX MapaMeTpa
CHHMH-OpPOUTAILHOTO B3auMoiecTBus r. (VI3 pabotsl [87].)

U TIPEeTeCCH HAMAarHMYeHHOCT! B (PepPOMArHUTHOM CJIOE B
(@o-TIepexoe.

B 3aBHCHMOCTH OT BEJIMYMHBI CIIMH-OPOUTATIHHON CBS3H
nposiBiIeHHEe (PeppOMAarHUTHOTO PE30HAHCA Ha BOJIbT-aMIIeP-
HOM XapaKTePUCTUKE MOXET OBITh TOCTATOYHO CYIIECTBEH-
HBIM, KaK MOKa3aHo Ha puc. 4, T]ie peacTaBiieHbl uactu BAX
@o-nepexoga 111 G = 0,1, ¢ = 0,1, wg = 0,5 npu pa3aIuuHbIX
3HaYeHUsAX napamMeTrpa SO-B3auMoIeHCTBYS.

CorjacHO TpeACTAaBJICHHBIM pe3yJIbTaTaM, H3MCHEHHE
napaMeTpoB 1K03e(pCOHOBCKOTO mepexoaa 1 peppoMaruT-
HOTO CJIOSI B CHCTEME C 3aTyXaHHEM MOXET NPUBECTH K
JIOCTATOYHO CHJIBHOHM CBSI3M MEXIY CBEPXIPOBOISIIIAM
TOKOM W HaMarHMYeHHOCTbIO. BKiIa CBEpXIpOBOJSIIETO
dc-Toka mposBiIsSeTCS 37eCh Kak OTKiIoHeHne BAX ot sm-
HEWHOM 3aBUCUMOCTH B Pe30HAHCHOW objactu. OTMeTHM,
4TO HabOro1aemMasi ocobeHHocTh Ha BAX B obJiactu pe3o-
HaHca (paxTHUECKH OTPa’kaeT BO3HUKHOBEHUE PE3OHAHCHOMN
BETBU, YTO MOMAYEPKHUBACTCS IOSBICHUEM COOTBETCTBYIO-
mero rucrtepesuca npu 3Havenusix » = 0,7 u 1. C yBenmye-
HHeM napamerpa SO-CBSI3M CKOPOCTb HAapacTaHUsl aMILIM-
TYAbl MATHUTHOTO MOMEHTA MOBBIIIAETCS U COOTBETCTBEHHO
YBEJIMYMBAETCS JJIMHA pe30HAHCHOU BeTBU Ha BAX. Mexa-
HU3M BO3HUKHOBEHUS JAHHON BETBU AHAJIOTMYEH MEXaHU3MY
B IIYHTHUPOBAHHBIX J1K03e(COHOBCKUX Tepexolax MpH Ia-
paeabHOM pe3oHaHce [88, 89], a Takke BOSHUKHOBCHUIO
pe3oHaHncHo# BeTBU HAa BAX nByxkoHTakTHOTrO ckBuaa [90].

Biusiaue SO-B3auMoJIeHCTBUST HA PE30OHAHCHBIN Xapak-
TEP 3aBHCHMOCTH m ™" OT HaNpPSIKCHHs, MOKA3aHHOM Ha
pHUC. 5 IpH pa3JIMYHBIX 3HAYEHUAX napamerpa SO-B3auMo-
JIEACTBHSI, MOXET MOCIYXKHUTh TEOPETUUYECKHM OOOCHOBA-
HUEM JJIs1 pa3paboTKK 3KCIEPUMEHTATILHOTO METO/Ia OTpe-
JiesieHus] UHTeHCUBHOCTU SO-CBSI3M B HELEHTPOCUMMETPHY-
HBIX MaTepuasax.

OtmernM, uTo B ypaBHeHnn RCSJ-monmemn (Resistively
Capacitance Shunted Junction) (4eTBEpTOE ypaBHEHHE B
cucreme (13)), onuchiBarolliell AMHAMUKY @ -TIepexoaa, pas3-
HOCTb (ha3 ¢ 3aMeHseTcd Ha @ — r@, IUIsl COXpaHEHUs Ka-
JIMOPOBOYHON MHBAPUAHTHOCTH. EE yuéT IpUBOAMT K TOTIOJI-
HUTeIbHOMY uneHy rdm,/dt B ypaBHenmn RCSJ-monenmn,
KOTOPBIM NpeHeOperaiock B pabotax [7, 35]. Ha pucynke 56
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ypmax G:O,I,OCZO,I, S
5
wp = 0.5, B, = 25
04 s
1.r=0,1
0,3 | 2.r=03
3.r=0,5
4.r=0,7
02 L 5.r=1,0
0,1 -
0 -
0
pmax o
y
5
0,5 - .
be3 yuéra rdm, /dt
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Puc. 5. (a) 3aBHCHMOCTD MaKCHMAJILHOM aMILIMTYBL "™ OT HANPSIKE-
HHUS TIPU PA3JIMYHBIX 3HAYCHHSIX ITapaMeTpa CIMH-OPOUTAIBHOIO B3aW-
Mozeiictsus r. (6) To xe 6e3 yuéra wiena rdm,/dr. (8) Conocrasienue
pe3ysbTaToB puc. a u 6 npu r = 0,3. (13 padots! [87].)

MPEICTABIIEHBI Pe3ysbTaThl 0e3 yu€ra sToro wieHa. Kaxk
BUJHO, €r0 BKJIAJl HE MEHSET KauyeCTBEHHON KapTUHBI OIH-
CBIBAEMOT O SIBJICHUS PU MaJIbIX 3HAUYEHMsIX mapameTpa SO-
cBsi3U r. BrumoTs 10 3HaveHut nopsaka r = 0,5 3aBUCHMOCTH
m™* oT V' B 0bomx Cily4asix NpakTHYECKU coBmaaaroT. Ha
PUCYHKE 5B TMPHUBEACHO COIOCTaBJICHUE DPE3YJbTATOB IpU
r=0,3.

JAuHaMyKa CUCTEMBI MOXET OBITh MCCIEHOBAHA aAHAJH-
THYECKU B ipubimxkennu iy < T, T.e. KOT/1a SHEPTHUS JIKO-
3e()COHOBCKOTO TEpeXoJ/la W BEJIMYMHA CBEPXIIPOBOJISIIETO

TOKa ONIpEAeJIsItoTCS (GUKCUPOBAHHON [1K03e(PCOHOBCKOM
qacToTod wjy [7, 87], mpu npeHeOpeKeHUH TaKXKe TOKOM
cMmeleHusi. B atom citywae ko03e()COHOBCKYIO (asy ¢
MOXHO 3aMEHMTb Ha jf, YTO O3HA4YaeT BBIOOP OAHOM
toukn Ha BAX mnepexona. Ilpu ukcupoBanHOM Hampsike-
HUM B ciydae Ge3 muccunanuu (oo = 0) B pexume "cnaboi
cesi3u" G < 1 (1.e. korma sHeprus JIxosedcona E; Majia mo
CPAaBHEHUIO C MAarHUTHOW 3Hepruedl Ey;) MOCICTHHE IBa
ypaBHeHus B (13) mpuBOAST K TMHEHHON BpeMeHHOH 3aBUCH-
MOCTH pa3HOCTH a3 ¢ = V't (JUko3e()COHOBCKHI MEepexoT
¢ HampspkeHueM). B BeiOpanHO# HOpMupoBke V = wj, mo-
aTOMYy ¢ = ;. Ecu Apyrue KOMIOHEHTHI yIOBJIETBOPSIOT
ycloBusiM my,m, < 1, To ypaBHeHust (13) Moryt ObITH
JINHEApU30BaHBI:

: (14)

ity = wp[—my + Grsin (wy1)]
1y, = opmy

1 COOTBETCTBYIOIIUMHU PCHICHUSAMUA SABJIAFOTCS

Grojor cos (wyt)
_ m, =

Mmy=——F5—-""2 ,
0k — o? o

Grok sin (wyt)

. 15
o — o (13)

Taxkum 006pa3oM, MATHUTHBI MOMEHT IIPELECCUPYET BOKPYT
ocH z. [IpeneccupyroIuii MAarHUTHBIM MOMEHT BJIMSIET HA TOK
@-TIepexoa:

I . . Grotsi t
— =sin (wyz — rm,) = sin (th —r 7’602 S ((;J )) =
I : WE — Wy
2 2
. r OF .
=sin (wyt) + — —— sin 2wyt), 16
(o3 + %5 2 o sin o) (16)

e yuteno, uro Grlowt/(of — w?}) < 1. CnenosaTesbHo, B
JIOTIOJIHEHUE K KOJIEOaHUSIM MEPBOM TaPMOHUKU TOK COMIEP-
JKHUT BKJIaJIbl 00JIee BBICOKMX TAPMOHHUK. AMILTUTY 1A TapMO-
HUK yBEJIMYMBAETCS BOJIM3M PE30HAHCA W M3MEHsET 3HAK,
Korma oy = wp. TakuM o06pa3zoM, MOHHTOPHUHI BTOPOH
TAapPMOHUKH OCIMJUISIMIA TOKA MO3BOJIUT CJICAWTH 32 TUHA-
MHKO! MarHUTHOM CUCTEMBI.

Baxnyro posip B IMHAMHUKE paccCMaTpPUBAEMOUN CUCTEMBI
WrpaeT JUCCHNAanus, YI€T KOTOPOW HMPUBOAUT K ITOCTOSH-
HOMY BKJIAJTy B J)K03e(COHOBCKMII TOK. BOMM3M pe3oHaHca
Wy & WF YCJIOBUS JIMHEAPU3AINH, MPUBOJISIINE K ypaBHeE-
HusiM (15), Hapymarotes, U y4é€T JUCCHIIALUU CTAHOBUTCS
HeoOxoauMBbIM. B aToM cityuae [7] 1uHeapu3anus ypaBHEHUs
JUIT B cucteme (13) mpu yuére m. =~ 1 u npeHeOpekeHUN
KBAJAPATUYHLIMU YJIEHAMHU 111y U 111, IPUBOAUT K
WF

= [—m, + Grsin (wyt) — omy]

) a7

. @ .
i, = TFaQ {my — a[m, — Grsin (wy1)] } .

COOTBCTCTByI-OHIEC BBIPDAXCHUC IJIA my, 1pu HaJINYUU
JUCCUITIAIUU IPUHUMACET BU

my(t) = O+ ~ O sin (wy1) — e cos (wyt) , (18)
r r
e
_Grotor - Grlao (19)
wi*pr Q. T T 2wp Q1
(wy £ wF)2 + (ocwj)2
Q= )

2
WF
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Taxum o6pa3oM, 11, IEMOHCTPUPYET PE3OHAHC C JAUCCHUIIA-

IUel Mpu MOICTPOiKe 1K03e(PCOHOBCKO# YaCTOTHI K (heppo-

MAarHUTHOM (wy — wF). Kpome TOro, quccunanus mpuBOIUT

K BO3HHKHOBEHHMIO KoyieOGaHmid (asbl m,(t) (4IeH, Ipomop-

[MOHAJIBHBINA cos (wyf) B ypaBHenuu (18)). B pesynabrarte
CBEPXIPOBOISIINMI TOK

. Wy —w-_ .

I(1) = I sin (wyt) — I, ——5—— sin (2wyt) +

Oy + o—

+IC 2

cos (2wyt) + Ip(a) (20)

COAEPKUT HE 3aBUCSIIYIO OT BpeMeHH dC-KOMIIOHEHTY:
aGrioy [ 1 1
Io(o) = — 4 — ).
o) = o (Q, * Q+>

Hanuumne dc-Bkiama mokas3pIBaeT, YTO THJIbOEPTOBCKOE
3aTyXaHHE UTPaeT BAXKHYIO POJIb B IUHAMIUKE (,-TIEPEX0/a.
DTOT BKJIAJ 3aBUCHUT OT BEJIMYUHBI CIIHH-OPOUTAIBLHOTO
B3aUMOJICUCTBUS I U OTHOIICHHS HKO3e()COHOBCKOW 3HEP-
TUY K MAarHUTHOU G M OTCYTCTBYET nput o = (.

C opyroil CTOpOHBI, HaJIM4ME MOCTOSIHHOTO Jko3edco-
HOBCKOTO TOKA ITPH IIOCTOSTHHOM HATIPSDKEHUH V, TPHUIIOKEH-
HOM K IIE€pexofy, O3HAYaeT HaJM4yhe JVCCHIATHBHOTO pe-
KHMa, KOTOPBI MOXeT OBITh JIETKO OOHAPYXEH JKCHEePH-
MEHTAIbHO. BO3HUKHOBEHHUE MUKA MOCTOSHHOTO TOKA BOJIN3U
pe30oHaHca HAIOMUHAET BOSHUKHOBeHMe cTynenbku Hlanupo
B JK03e()COHOBCKHX IEPEX0o/ax BO BHEIIHEM 3JIEKTpoMar-
HUTHOM moJie. OOpaTUM BHUMAHHUE, YTO HAJIHMYHE BTOPOU
rapMonuku B /(f) B ypaBaenun (20) 10JDKHO Takke HPHUBO-
IUTH K TOJIyIEJbIM cTynenbkaM Ilanupo Ha BOJBT-
aAMIEPHBIX XapaKTePUCTUKAX @ -1iepexooB [7, 91].

Ha pucynke 6 mpuBeneHa 3aBUCUMOCTb MaKCUMaJIbHOM
AMIUIUTY AL 72" OT HANIPSKEHMS, PACCYMTAHHAS HA OCHOBE
cucrembl ypaBHeHu#l (13), m aHanuTHYecKas 3aBHCUMOCTH
my(wy) cormacHo popmyre (18). Takxe npuBencHa 3aBUCH-
MOCTBb CBEPXIPOBOJISIIEIO TOKA [y OT HANPSDKEHHUSI, PACCUH-
TaHHAsT Ha OCHOBE cHUCTeMbl ypaBHeHuil (13), m aHanuTH-
deckasi 3aBHCUMOCTD [y(wj) cormacHo dopmyse (21). Kak
BUJHO, YUCJICHHbIE W AHAJIMTHYECKHE DPE3YyJIbTAThl JOCTa-
TOYHO XOPOIIIO COOTBETCTBYIOT APYT Apyry. [Tomguepkuém,
YTO YHCJIEHHBIE PACYETHI HE WCIOJIb3YIOT HUKAKUX IIPH-
OJMKEHUH 1O CPAaBHEHMIO C AHAJIUTUYECKMMHU (TAe HC-
MOJIb3yeTCsl PEeXUM cjaaboil CBA3M M paccMaTpUBAETCS
ciy4ait my,m, <1). DTo HpOABIAETCS B XapaKTEPHLIX
ocobeHHOCTSX TIpH V'~ 0,25 u V' =~ 0,16 Ha 4YUCIIEHHO MO-
JenupyeMoit 3aBucumoctu m™*(V), 4TOo OTpaxaer BO3-
HUKHOBEHHE TapMOHHUK (EPPOMATHUTHOTO PE30HAHCA TPH
wy = op/2 1wy = wg/3.

Oxumaercsi, YTO BO3AEHCTBUE HA ((-TIEPEXO] BHEIIHETO
MHKPOBOJHOBOTO H3JyYe€HUs] C YACTOTOW R TPUBEAET K
psIy HOBBIX MHTEPECHBIX siBJICHUWIl. B pabote [7] oT™meua-
JIOCh, UTO B TOOABJICHHE K IeJIbIM cTyneHbkam llamupo npu
oy = nor Ha BAX nosiBsTcs nosynensie. MEUKpOBOJHOBOE
MAarHuTHOE MOJIe TAaKXKe MOXET IeHePHUPOBATH JOTOJIHH-
TEJIbHYIO MAarHUTHYIO MPEIECCUIO C YacTOTOU wr. B 3aBucu-
MOCTH OT HMapaMeTpoB ¢,-TIepPexoaa U aMILUIUTYABI MAKPO-
BOJIHOBOT'O U3JTy4€HWS] OCHOBHOW MEXaHW3M IPEIecCuu
MOXET OBITb CBSI3aH JHMOO C JKO3e()COHOBCKHUM TOKOM,
JIn6O ¢ MUKPOBOJIHOBBIM H3JIyueHHeM. B nociennem ciyqae
MarauTHas SO-CBSI3b MOXET CYIIECTBEHHO BJIMSITH Ha M-
puny ctynenex lamupo. CiaemgoBaTeabHO, MOXHO OXHUAATH
€€ pe3KOro YBEJIMUSHHUSI TP YACTOTAX BOJIM3U PeppOMarHuT-

21

m.‘!TILIX a
wj = WF
0.3 \% YyicrieHHbII
. AHaymTHYeCKuit
0,2 -
G=0,1,r=0,5
o=0,1,op =0,5
0.1 p. =125
0 | |
0,5 1,0 14
I ———— [ (YHCIICHHBII) 6
. Iy (aHaIMTHYECKUI)
0,15
0,10
0,05
0

0,5 1,0 1,5

Vv

Puc. 6. (a) 3aBUCMMOCTL MaKCUMAJILHOM aMIUTMTY 16l /1,"** OT HampsiKe-

HUS, PACCUNTAHHAS HA OCHOBE CHCTeMbl ypaBHenuii (13), n anaanTHye-
cKasi 3aBHCUMOCTh M1, (wy) coriacHo dopmyre (18). (6) 3aBucumocTs
CBEPXIIPOBOMSIIETO TOKA /g OT HANPSDKEHHs, PACCINTAHHASI HA OCHOBE
cructeMbl ypaBHeHHH (13), 1 aHaIUTHYeCKas! 3aBUCKMOCTB ) (w)) COrJIacHO
¢dopmyie (21). B ncnons3yemoii Hopmuposke wy = V. (3 pabots! [87].)

HOTO pe3oHaHca. Ecim BinsHIE H3IIydeHns 1 IX03e(pCOHOB-
CKOT'O TOKa Ha IPEHECCHI0 MarHUTHOTO MOMEHTa COIIO-
CTABUMBI, TO MOXET HaOJIIONATBHCS TOCTATOYHO CIIOXKHBIN
pexum. B ciyuae ¢deppomarseruka co ciiaboil aHU30TpPO-
mUell B MJIOCKOCTH JeTajbHAas AWHAMHUKA MArHHTHOH Ipe-
MECCHU MOXET CHJIbHO U3MEHHUThCs. OTMETHUM, 4TO TOJIpO0-
HOTO UCCJIeTOBAHNS TAKUX SIBJICHHIA O HACTOSIIETO BPEMEHU
MPOBEACHO HE OBLIO.

UnrepecHsiM siBiisieTcst npenen "cunpHoi csizu" I' > 1
(HO r <€ 1), KOTOPBIN TaKkKe MOXKET ObITh PACCMOTPEH aHa-
THaeckH [7]. B sToM caywae m, ~ 0 u pelienue ypaBHEHAR
JUUIT" mprBOAUT K CUCTEME ypaBHEHUN

my(t) = sin {g (1 —cos (th))] ,
(22)

m(t) = cos E (1 —cos (wﬁ))} )

KOTOPbIE ABJIAIOTCS YPABHEHUSAMHU TIEPEMATHUYUBAHYS, TI0JI-
HBII TepeBOpoT mpoucxoaut mnpu I'/w > /2. Ctporo
TOBOPS, 9TH PEIIEHUS HE SIBJISIOTCS TOYHBLIMU OCHUILIMPYIO-
muMA QYHKIHASAMA B TOM CMBICIE, 4TO m.(f) TmoBOpavn-
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1,0 - 6
’ r=005G=1 a - a . 5
U9, _ = 1=
Jpmax =001, wp =0,5 m 1=10,60 . 1__0,?0 0,60
y y = . 8 m;
) B. =05 b N\
0 0k 0
N
—1 | 1 |
-1 0 m, 1
1 e
my, 1=0,54
0
1 I I
B my, 1
! [=046 u
my
0
1 I
- 0y |1
1,0 — frre Sewroe— B 1 1=042 ™
1 r= 0,7 m
,
0.5 - \ \ '
e 0
. o
) \ -1 I
—05 F \ 10, 0y |1
—-1,0 I I I I : Puc. 8. TpaekTopuy HAMArHMYEHHOCTHU B IJIOCKOCTSX /1y, — iy, Mz —Niy 1
0.2 0.4 0.6 0.8 v 1,0 m_—m, B peryJspHbIX obnacTax R;. (U3 pabotsl [35].)
R T
1 e T T, - MocTH m™* (V) BOSHHKAIOT peryspHbIe 0b6nacTu, 06003Ha-
3 e‘ R, YeHHbIE Kak R; Ha puc. 7r. DT o0JlacTU XapaKTepu-
y | %\ e S 3YIOTCS CeNUpUUECKAMH TpaekTopuamMu Ttuma "s6iaoka"
-0 (6), "cepma" (r), "rpuba" (x), "peioku" (k), "ayus" (3) B

1 R e, R,
_1 1 1 1 1 ]
0,2 0,4 0,6 0,8 % 1,0
Puc. 7. Tpauchopmanusi ob6nactu (HeppOMATHHTHOTO PE30HAHCA TPH
M3MEHEHUH BEJIMYMHBI IIapaMeTpa r, yKa3aHHOM Ha pucyHkax. Obo3Hayve-
HUE R; C COOTBETCTBYIOIIUMU CTPEJIKAMH yKa3biBaeT objactu BAX, B
KOTOPBIX HCCICAOBAINCH TPACKTOPUH HAMATHHYCHHOCTH, HPEICTABIICH-
Hele Ha puc. 8. (13 paboTsr [35].)

B4ETCsl BOKPYT IIEHTpa chepbl MPOTHB YaCOBOI CTPEJIKH, a
3aTeM MOBOPAYHUBAETCS M BO3BPAINAETCS B MOJOKECHUE
m;(t =0) =1 mo 4acoBoil cTpeske, Kak MasiTHUK B cde-
PHYECKOM MOTEHIHAE.

2.4 /IvHaMHKA HAaMarHUYeHHOCTH BJ10.Jb
BOJIbT-AMIEPHOH XapaKTePHCTHKH ¢)-Nlepexoaa
OHMM U3 MHTEPECHBIX PEe3yJIbTATOB YUCICHHOTO MOJIEIH-
pOBaHMS IMHAMHUKHA MAaTHUTHOTO MOMEHTA (heppoMarHeThKa
BI0JIb BAX ¢,-niepexona siBsieTcss OOHapyKeHHe TOBOJIBHO
MPOCTON TMPEIEeCCHd MArHUTHOIO MOMEHTa B HEKOTOPBIX
MHTEpBaJIaX TOKA, IPUBOISIIEH K crienn(UIECKUM TPAEKTO-
pHAM B IUIOCKOCTSIX My, —mly, M, —m, U m.—m, [35]. Ilpu
9TOM CHJIbHOE BJIMSIHHE HA BOZHUKHOBEHHE TAKMX WHTEpPBa-
JoB okxaswpiBaeT SO-B3ammoneiictBue. Tpanchopmanus
3aBHUCUMOCTH m}‘,“a"(V) B 00s1acTH (peppOMATHUTHOTO Pe30-
HaHca OpU U3MEHeHuu napamerpa SO-B3aUMOIEHCTBUS
MpeaCcTaBJieHa Ha puc. 7.

C Bo3pacTaHmeM mapamerpa r, HApsAy C IMOSIBICHUEM
Xa0THYECKON JMHAMHKH HAMATHHYEHHOCTH, HA 3aBHCH-

IUIOCKOCTSIX /My, —Nly, M;—My U M, —M,, TOKa3aHHBIMU Ha
puc. 8 IpH pa3IUYHbIX 3HaYCHUSIX 6A30BOT0 TOKA.

TpanchopManus TpaeKTOPUiA MpH U3MEHEHUHN 0a30BOTO
TOKa 4Ype3BbIYAWHO WHTEpECHA, W €€ 3KCIEePUMEHTAJIbHOE
OoOHapy’KeHUE CIOCOOCTBOBAJIO Obl OTKPBITUIO HOBOT'O Ha-
NpaBJICHUsT B M3Y4YE€HUU CBOUCTB ¢ -nepexona. Kak yxe
OTMEYaJIOCh, BHEILIHEE DJIEKTPOMATHUTHOE M3JIyUYeHHE MPH-
BOJUT K PsIy HOBBIX 2(h(heKTOB, HAIPUMEDP, MOXKET (HUKCH-
pOBaTh THII CTPYKTYPbl B MHTEPBAJEe TOKA, COOTBETCTBYIO-
meM crynenbke Ilanupo, a U3MeHeHHEe aMIUTUTYIbl U3JTy-
YeHUsI MOXKET BBI3BIBATH OINpeneEHHbIe TpaHchopManuu
MAarHATHOH Tpereccuyl, B YaCTHOCTH, TpaHCHOPMALUIO Jie-
BOro rpuba B mpasslii [35].

2.5. IlepeopuenTtanus Jérkoii ocu gpeppomarseTnka

B @,-niepexoe

Yacruua, ABMXKYLIASCS OJHOBPEMEHHO B OCTOSIHHOM I10JIC
U B NOJIE, OCHUJUIUPYIOLIEM C BBICOKOW 4aCTOTOM, IE€MOH-
cTpupyeT HeoObruHOE moBeneHue [92, 93]. B uwactHOCTH, B
MasiTHUKE C BUOPUPYIOIIEH TOYKOM MoBeca BHEIIHSISI CHHY-
couAaJIbHAS CHJIa MOKET HHBEPTUPOBATH IOJIOKEHHE YCTOM-
YUBOCTH MasiTHUKa. Kamnuia man aHaJIuTHYecKoe OObsCHe-
HHME IPUYUH CTaOMIbHOCTH, BBOAs "ObicTpeie" u "MemseH-
Hele" mepeMeHHbIE JBUXEHUS. YCPeIHss KJIACCHYECKUE
YpaBHEHMsI IBYDKEHHSI IO OBICTPBIM ocnmyuisinusM, Kamunma
obuapyxumi, uto "BepxHee" TMOJIOXKEHNE MAasSTHUKA CTaHO-
BUTCSl YCTOWYMBBIM MPH TOCTATOYHO OOJIBIIMX AMIUTUTYAaX
BO3MYILIEHHUS, TOTJa Kak "HuxKHee" 0Ka3bIBAETCS HEYCTOMYH-
BBIM. JTa HOBATOPCKAasi pabOoTa MOJIOKIIIA HAYaJIO 00J1aCTh
BHOpAIMOHHONW MeXaHUKH, a MeTo ] Kamuips! ncnosb3yercs
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JUISL OIHMCAHUSI MEPUOJUYECKUX IPOLECCOB B PA3JIUYHBIX
¢uzuveckux cucremax (cM. [94, 95] u cchuiku B HEUX). B
TEOpPHH HEJIMHEWHOTO YNpaBjieHWs MasTHUK Kamunbr uc-
MOJIB3YETCSl B KAYECTBE MpUMepa MapaMeTPHIECKOro TeHe-
paTopa, KOTOPBIN AEMOHCTPUPYET KOHLENIUIO " TuHaMuye-
CKOU cTabmmu3anuu'.

CBoIiCTBa MEXaHHYECKOTO MasiTHHUKA C KOJEOIroLIencs
TOYKOM TO/IBECA, B YACTHOCTHU, HHBEPCHSI TIOJIOKEHHUS YCTOM-
YUBOCTH MASITHUKA, CTAOMIIM3AIMS HOBBIX IOJIOKEHAN paB-
HOBecHs [92], MPOSBISAIOTCS B IKO3€(PCOHOBCKOM ¢ -TIepe-
X0Jie, B KOTOPOM BO3HHUKAET MEPEOPHEHTANUS JIETKOW OCH
(beppoMarueTuka Ipyu U3MEHEHNH KPUTUIECKOTO TOKA KO-
3e()COHOBCKOTO TeEpexo/ia U CIUH-OPOUTATBLHOTO B3aUMO-
neiictus B heppomarnetuke [96]. [Ipumep Takoro mosee-
HUSl TOKa3aH Ha puC. 9, T/ie MPOJEMOHCTPUPOBAHO, YTO
KOMITOHEHTa HAMarHWYCHHOCTH 71 B (y-IIEPEXOJIE, SIBJISIEO-
mascsl JIETKOM OCblo, MPH COOTBETCTBYIOIIMX 3HAYEHHSIX
napaMeTpoB, YKa3aHHBIX Ha PHCYHKe, oOpalaercs B HyJb,
TOrAa Kak /m, CTAHOBUTCA PABHOM enuumue. Biumsanue ma-
pamMeTpa G, ONIPENENSIOIEro B ()y-TIEPeXo/ie OTHOIICHHUE
JKO3e(DCOHOBCKON JHEprMM K MArHUTHOW, MOKa3aHO Ha
puc. 9. C Bo3pactanueM G cpelHee 3Ha4€HHUE 711,, OTHOCH-
TeJIbHO KOTOPOT0 MPOUCXOISAT OCHMJUISIINY JAHHOM KOMIIO-
HEHTBI HAMAarHMYeHHOCTH, TPUOJINKACTCS K AUHUIIE.

ITockonpKy BeNMYMHA HAMATHHYEHHOCTH 3aBHCUT OT
BeJmurHbl SO-B3aUMOICHCTBUS, MOJYUYCHHbIE PE3YJIbTaThI
MOTYT CIIOCOOCTBOBATH pa3pabOTKe HOBBIX METOJIOB OIpe-
nenenust BeanuuHbl SO-B3aUMOACHCTBHS B (PeppOMATHUT-
HBIX MeTaJlJIax.

2.6. KBaHTOBOE TYHHEJHMPOBaHHE
MarHHTHOr0O MOMEHTA B @,-niepexoe
CBEpXIPOBOIHHK /(eppoMarHeTHK [CBepXIPOBOTHIK
Hcnonb3oBanue 1x03e(COHOBCKOTO ()-IEpexoga MOXKET
MO3BOJIUTL OOHAPYXKHUBATH MAKPOCKOIMMYECKOE KBAHTOBOE
TYHHEJINPOBAHNE M KBAHTOBBIC OCHIJLISIUN MArHHTHOTO
MOMEHTA TIOCPEICTBOM N3MEPEHHsI IIEPEMEHHOTO HaIpsike-
HUSI Ha [IEPEX0/ie, a CKOPOCTh MarHUTHOTO TYHHEJIMPOBAHHUS
B ((-IEPEXO/Ie MOXET KOHTPOJIUPOBATHCS CBEPXIPOBO-
nsmM TokoM [8]. Huke, cienys pabortam [8, 97], obcyaum
OCHOBHBIE Pe3yJIbTAThI, IPUBOSIINE K JAHHOMY BBIBOY.

IIpu I = 0 paBHOBECHOE COCTOSIHUE ()-IIEPEXOJa COOT-
BETCTBYET JIBYM NPOTHBOIIOJIOKHBIM OpHeHTanusM M (Ha-
IpUMED, BJIOJIb OCH y) C SHEPIeTUUECKUM OapbepoM MEXIy
Humu, paBHeIM Uy = (1/2)K| V. VMeHblIEHHE BeIMYUHbI
Gapbepa 10 HyJIs MOJ ACHCTBHEM TOKA MOXET MPHUBECTH K
MEPEKITFOYCHISIM MEXIy 3TUMU cocTosiHusmu [6, 7]. NaTe-
PECHBIM SIBJIICTCS KBAHTOBOE IepekIroueHne M mpu KoHed-
HOU BeJIMUMHE Oapbepa.

VpaBHenus: aBuxeHus: 1 ¢ 1 M B JaHHOM ciydae
UMEIOT BU]L

o\>. 1 (®\*., oU

-0 —_ (= = 2
C<2n> ¢+R(2ﬂ?) ? 3 (23)
dM o dM
— =M x H — M x — 24
a eferM0< X dz)’ (24)

rae C u R — €MKOCTh M CONTPOTHUBJICHHE MIEPEX0/1a COOTBET-
CTBEHHO,
H L ou (25)
ff = —— a~r
¢ VoM
ecTh 3QeKkTUBHOE TOJE, JCHCTBYIOIEe HAa MarHUTHBIN

MOMCHT. Z[JISI peam3anuu KBAHTOBOTO TYHHCJIMPOBAHUA

0,5 t

r=20,1, G = 500m,
a=0,1,0=35
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Puc. 9. (a) Aunamuka m. npu wy = 5, G = 500m, r = 0,1, 2 = 0,1. BctaBka
MOKa3bIBAET XapaKTep BPEMEHHOI 3aBHCHMOCTH B Hayajle BPEMEHHOIO
untepBana. (6) To xe, uro u Ha puc. a, ans m,. (M3 paboter [34].)
(B) Bnusinue mapamerpa G npu r = 0,5. Uucna yka3bIBarOT BEJIMYUHY 71 B
G = nn. (13 pabotsr [96].)

Nepexo1 TOJDKEH OBITh TOCTATOYHO MAallbIM, CIIEIOBATEINb-
HO, EMKOCTBIO MOXHO MTpEHEeOpeyb.
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KBanTtoBoe TyHHenmpoBanume M peannsyercsi Kak HH-
CTAHTOHHOE pellieHne ypaBHeHuit (23) u (24), xoTopoe st
M = M(sin 0 cos ¢, sin Osin ¢, cos ) npu I =0 umeer BuLI
[97-99]

Vi.cos

\/1+ Asin ¢ ’

rge wo = [(1)H((1)H + CUL)]I/Z A= a)H/wL, W) L= 2'))K|H_/
/(MyV). VIHCTAHTOH NEPEeKJIoYaeT HAMATHUYCHHOCTD
M= —-Myynuput=—ocoBM = Myy ipu 1 = +00.

B3aumopelicTBue MAarHUTHOTO MOMEHTA CO CBEPXIPOBO-
JISIIAM TIapaMeTpoOM TOpsiiKa HePEeHOPMUPYET pacliere-
HUE YPOBHEH NPU TYHHEJINPOBAHUU:

Aeir = 1/ Ao(do — 2E;9¢) |

rae A9 — pacuersienne npu / = 0, a 1151 CKOPOCTH JIeKOTe-
peHnuu, obecrneunBaeMoOil KOHEUYHBIM COINPOTHBIICHUEM
nepexoaa R, CleAyeT BbIpakeHue

2
F:goz (@) Aar

sinh (wo7)

sin ¢ = , cosf = (26)

J.+ cosh? ()

(27)

AR \2m h (28)

Ilpn 2EJ(p§ < 4y B cocTtostHME M ¢ opHeHTanuen BIOJIb
OCH ) BO3HMKAIOT OCLMILIALUU M, U ¢:

Ae
M, :Moexp(—Ft)cos( ;lff t),

Aty
t].
=

VuéT 3aTyXaHus NPUBOJUT K YMEHBIIIEHUIO HHTEHCUBHO-
CTH KBAaHTOBBIX OCUMJLUIALUI HANIPSIKEHUS HA @(-TIEPEXOE C
COOTBETCTBYIOIIUM (HaKTOPOM JOOPOTHOCTH

0= ( 2n ) : ( hR >
= (= — .
@o QDO
Ipu ¢, ~ 0,1 ouenku garot Q ~ 0,1R(Q), uTo ABISETCS
JIOCTATOYHO BBICOKMM 3HAYCHHEM ISl TUDJIEKTPHUECKOTO

(beppOMArHUTHOTO CJIOSI.
OCHMJUISIMA (p TIPUBOAST K OCHMJUISIMSIM HATIPSDKSHUS

HA Iepexo/ie:
Aefft .
/]

Ipu ¢y ~ 0,1 u Aer ~ 0,1 K nHavanpuas (¢ = 0) amMmmTyaa
MepeMEHHOT 0 HaIpsDKeHust OyneT mopsaka MkB, a wactora
Aeir/(21h) — mopsiaka 1 Tl

ITpm 1oCcTaTOYHO CHITBHOM B3aUMOACIHCTBIM,

(29)

@ = @pyexp (—I't) cos (

(30)

y_lde A
2e dt 02

exp (—TI't)sin ( (31)

2E505 > Ao, (32)
TYHHEJIUPOBAHUE BRIMOpaXuBaeTcs: Aegr = 0.

Taxkum 06pa3oM, MOXKHO CHEIATH CIIETYIOIIIe OCHOBHBIE
BbIBOJIBI [8]. Bo-mepBhIX, B3aUMOAECHCTBHE MEXYy MATHUT-
HbBIM MOMEHTOM H HapaMeTpOM CBEPXIPOBOISIIETO
nopsiaKa B (-epexoie MEPEHOPMUPYET TYHHEJIbHOE Pacilie-
IJIeHHE CHOoCcOOOM, KOTOPBII MOXHO TOYHO BBIYHCIUTL U
U3MepHUTh. BTOpOt MOMEHT 3aKJIFOYaeTCs B TOM, YTO KO-
3e()COHOBCKHI (-IIEPEXO] MO3BOJISIET OOHAPYKUBAThH KBAH-

TOBOE TYHHEJIMPOBAHME U KBAHTOBBIC OCIHUJUISIIMA MATHUAT-
HOT'O MOMEHTA MyTEM U3MEPEHHSI HAIPSDKEHUS Ha TIepexoe.
TpeTuil MOMEHT 3aKJIFOUAETCS B TOM, YTO ((-IIEpPeXo] IO-
3BOJISIET KOHTPOJIUPOBATh CKOPOCTh MAarHUTHOTO TYHHEJIH-
pOBaHHS CBEPXIPOBOASIINM TOKOM uepe3 mnepexon. OO6-
paTuM BHUMaHUe, 4To TouHasi popma SO-B3amMoaeiicTBUs
(Pamiba, Jpeccenbxay3 Wi Ap.) BaXKHA 11 KOHKPETHOM 3a-
BUCHUMOCTH ¢y(M); OCTalIbHOE OLpEeNeseTCs CUMMETpUeit
MAarHUTHOW aHU30TPONHH (KPUCTAILUINIECKAM MOJIEM).
V310%KeHHOE BBIIIE MPEINOoJIaracT ajlbTePHATHBHBIN
MOJIX0/T K OOHAPYKEHUIO KOTEPEHTHBIX KBAHTOBBIX OCITUILIISI-
OMi COMHA MO CPAaBHEHHMIO C 30HAMPOBAHUEM OCIUJLISIINMN
Pabu MeToa0M 3JEKTPOHHOTO CIMHOBOrO pe3oHaHca [80].
Takwe 3KCHEPUMEHTHI JOBOJILHO CIIOXKHBI, TaK KaK OHHU
MPOBOJIATCS ¢ MaJIeHbKAMH O00Opa3liaMyi P HU3KHUX TeMIIe-
paTypax, YTOObI 3aMOPO3UTH CyNepnapaMarHiTHOE TOBEIe-
Hue. OHaKO MAarHUTHOE TYHHEJMPOBAHUE B HAHOYACTHIIE
Obl10 M3yyeHo Ha ocHoBe Il mpu MMIIIMKETbBUHOBBIX
teMrepatypax [100]. B ¢,-niepexoie cBsI3b MAarHUTHOTO MO-
MEHTAa C HK03e(pCOHOBCKOI MMHAMIKON JOCTATOYHO CHIIBHA,
MO3TOMY OH MPEIOCTABIISCT WHTEPECHBI HOBBIN WHCTPY-
MEHT J1JIsl UCCIIEOBAHMSI MAaTHUTHOTO TYHHEJIUPOBAHHUS.

3. IlposiBjieHus aHOMaJIbHOTO 3¢ pekTa
/I:ko3edcona B pa3iMYHBIX CTPYKTYypax

3.1. py-nepexoa NpH HAJTHYNH

JIBHKYLIMXCSl JOMEHHBIX CTEHOK

Hdpyroii Tunm aHOMAaJIbHOTO cABHUra (Ga3bl BO3HUKAET B
AI1 cBepxnpoBoAHUK/peppOMaTrHETHK/CBEPXIIPOBOTHUK
(puc. 10) B mpUCYTCTBUM ABUXKYIIMXCS TOMEHHBIX CTEHOK
[101]. Takue cucTeMbl IpH HAJIMYAW TUHAMUKHA HAMATHUYEH-
HOCTHU CTaHOBSITCS] TUCCUIIATUBHBIMU IO CBOEH IPUPOJIE U, B
IPUHINIE, HE MOTYT MOAJEPKUBATH CBEPXIPOBOASIIAN TOK
JIF000H BEJIMUMHBI M3-33 HANPSDKEHHSI, TEHEPUPYEMOTO TIpe-
neccueil HamMarupnueHHocTH. CUTyanusi aHAJIOTMYHA CBEpX-
MPOBOJHUKAM BTOPOrO poja, B KOTOPBHIX CMEIIAHHOE
COCTOSIHHUE SIBJISICTCSI PE3UCTUBHBIM, IIOCKOJIbKY NPU CKOJIb
YTOJHO MAaJIOM 3HAYEHHHU HJIEKTPUYECKOIO TOKA BO3ZHUKAECT
NBIDKEHHE BHUXPEH, KOTOpPOE TeHEPHUPYET IJIEKTPUUECKOe
oJjie, MPUBOJSIIEe K CONPOTUBIICHUIO U OMUYECKUM IOTe-
psim. Tlpeneccuss mamaramuennocta B SFS-ctpyktype, co3-
JlaBaeMasi CBEPXTOKOM, C HEOOXOIUMOCTBIO MOPOXKAAET
9JIEKTPUUYECKOE IOJIe U OMMYECKHE MOTEPU aHAJIOTUYHO
IBIDKeHUIO abpukocoBckux Buxpeit (flux-flow regime). Otu-
YHe 3aKJIF0YAeTCsl B TOM, YTO B CIIydae MAaTHUTHOM CUCTEMBI
JIMHAMUKA MapaMeTpa MAarHUTHOTO MOPSIKa OTBETCTBEHHA
3a BO3HHUKAIOIIEE 3JIEKTPUUECKOE I10JIE 1 OMUUECKHE TIOTEPH B
CBEPXIPOBOASIIEM COCTOSIHUU U3-3a TUJILOEPTOBCKON nuc-
CHUITAIINY.

B paborte [101] paccmaTtpuBancs SFS-miepexon, B KOTo-
pOM cBsI3aHHAsI MMHAMUKA HaMarHmieHHoctd M u mxo3ed-
COHOBCKO pa3HOCTH (a3 ¢ ompenessieTcss CHCTEMOH ypaB-
HEeHUi

o b M)

j=Jesin (¢ = o{M}) + =", (33)
oM o oM
ait:—'yMXHcff+MMXait+T. (34)

IlepBoe ypaBuenue (33) npeacrapiser 0060061ménny0 RSJ-
mojesb (Resistively Shunted Junction) ¢ HepaBHOBECHBIM
TOK-(a30BbIM COOTHOIIIGHHEM C aHOMAJbHBIM CIIBUTOM
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Puc. 10. (B uBete onaiin.) (a) CBepXmpoBoAsiue 3JeKTPo/Ibl, 00pa3yro-
e K03e()COHOBCKUI MEPexo/, pacrlojararoTcsi cBepxy (deppomar-
HUTHOU moJiockl. ITostokeHHe TOMEHHON CTEHKH B IIOJIOCE MOJXKET
KOHTPOJIUPOBATHCS HOPMAJIbHBIM TOKOM j,. (0) YHupoIuéHHas Moesb
obnacty 1k03edcOHOBCKOro nepexona. JloMeHHasi CTeHKa HEeeJIeBCKOIO
TUIA NPUCYTCTBYET B INMPOMEXYTOUYHOM ciioe. CBepXmnpoBOAsSLINit
TOK npotekaeT B F-obmnactu B HanpaBiaenun x. (U3 paborsr [101].)

bassl o {M}, onpeneasieMbIM CIHH-OPOUTON M MarHuT-
Hoii TekcTypoit. Ypasuenue JIJIT (34) cogepxut odyciio-
BJICHHBIi TOKOM CHUHOBBIIl BpallaTeJIbHbIH MOMEHT
T = (y/M)(J;V)M + (2y/M)(M x B;)J; ;, Tie IepBbIit YIcH
BO3HUKAET U3-3a CIIMHOBOIO TOKa Js, a BTOPOI 00yCIIOBIICH
CNUH-OPOUTATIBHBIM B3aMMOJEHCTBHUEM, OINpPEeIIseMbIM
CIUHOBBIM BeKTOpOoM B; = (B, B)j, B.j), COOTBETCTBYIO-
UM j-i TMPOCTPAHCTBEHHOW KOMIIOHEHTe TeH3opa SO-
B3aMMOJIEUCTBUA B;;.
AHoMaIIbHBIA caBUT (asbl ¢, {M} BbIpaxaeTcs Kax

dj2
Zy(x, 1) dx,
—ap

oMy =2 (35)

rne Z = 7™ + 7.50.

Unen Z5° = (M;B,;)/ M o6ycnosnen SO-B3aumoseiict-
BHEM, B;; ONNUCHIBAET JIMHEHHYIO CIIMH-OPOUTAIBHYIO CBS3b
oO1ero Buaa FIso = 0;B;jpj/m. Ilpeanonaraercs, 4To I:Iso =
= (Br/m)(oypy — 6y py). Z™ OTINYHO OT HYNSA TOJBKO JUIS
HEKOMIUTAHAPHOU MArHUTHOU CTPYKTYPBI, U B pACMaTpUBaE-
MoM citydae Z™ = 0.

Vpauenue (33) ABISETCS TOCTATOYHO OOIIMM ¥ MPUME-
HUMO ISl IIIMPOKOTO KJiacca HKO3e()COHOBCKUX CHUCTEM,
JIEMOHCTPUPYIOIINX aHOMAJbHBIA cOBUT (a3pl. B ciyuae
HEeJIEBCKOM MoMeHHOM cTeHku u SO-B3aumoneiicTeus Parii-
661 Z5° = M, /(2dy M) 1 anOMaIBbHBIH cBUT (ha3bl ompe-
JIeJISIeTCsl BBIPAKCHUEM

2mfxo (1)

oult) = =T (36)

[TosrydeHHbIe Pe3yJIbTAThI COPABEIMBBI IpH |d/2 + x| > dy,
T.e. KOI[la JIOMECHHAsI CTEHKA OT[EJIeHA OT IPAHUIBI CBEPX-
MPOBOHUKA C PePPOMATHETHKOM.

Ha pucynke 11 mpencraBiensl BAX B ciyyae mokosi-
mielicss M CTAMOHAPHO JBIKYIIEHCS TOMEHHOW CTEHKH.
daxtuyecku V() onpenessyioch HPOU3BOAHON ¢y ~ v(1).

60

0 T T 1 |
0 0,5 1,0 1,5

/1.

Puc. 11. BAX SFS-nepexo/ia ¢ JOMEHHOI CTEHKOI1, HAaXO/ISIILEHCS B TIOKOE
(cumsist kpuBast /) U B ABIOKEHUH (KpacHas kpuBasi 2), npu ff = 1, o = 0,1,
eKdy/(nj.) =5, ta = 401y, tie 1y = 1/2eRI,. BepxHsiss BCTaBKa JeMOH-
crpupyet crynensku Manupo npu I(f) = I+ 0,31, cos (wt), w = 155",
Ha HukHell BcTaBKe IoKa3aHa SKBUBaJICHTHas cxema nepexoqa. (U3 pa-
6oteI [101].)

3.2. AHomaibHblil 3¢ deKT B 1:kK03ePCOHOBCKOM Mepexo/ie
¢ aHTH()epPOMATrHUTHON MPOCJIOHKOIi

Anomanbhbiil 3¢ dexT J)o3edcoHa MOXKET BO3ZHUKATHL B
cTpyktypax S/AF/S ¢ anTudeppoMarueTHKOM Ipy HATHIAN
CIUH-OpOUTATBLHOTO B3auMoaeicTBust Pamosr [102]. Cxema
TaKoOM CUCTEMBI IPEACTaBJIeHA Ha puc. 12.

B pabote [102] paccMaTpuBajIuch MEPEXoJibl KaK C He-
CKOMIICHCUPOBAHHBIM MAarHUTHBIM MOMEHTOM (Ha IpeacTa-
BJICHHOM PUCYHKe AA-Tiepexoll, B KOTOpOM Ha o0emx rpa-
HHUIAX CO CBEPXIPOBOJHUKOM HAXOISATCS aTOMBI THHA A),
TaK ¥ C TOJIHOCTHIO CKOMITCHCHPOBAHHBIM MOMEHTOM — A B-
nepexo. bbL1o nokasano, YTo HAJIMYME HECKOMIIEHCUPOBAH-
HOT'O MarHUTHOTO MOMeHTa Ha rpanunie S/AF npuBoauT x
aHOMaJIbHOMY (pa30BOMY CABHTY, KOTOPBII CHIILHO 3aBHCUT
oT BenmunHbl SO-cBsizn. OMHUM U3 HamboJiee WHTEPECHBIX
PE3yJIbTATOB SIBJISIETCS CHITbHAS 3aBUICUMOCTh aHOMAJIbHOTO
(azoBoro crBura ot opHeHTanuM BekTopa Heeist oTHOCH-

D OMONS
o oNONO N
s
slofoftiofl TOOX B N RefteReRe
...'..Q'.“.)}....’.‘.‘..
A R NN R AR
ofiofiofl B B B R _ReReoRe

e JROROK:

8 s s e RONOMON

Q
HomemoNomoNeN:

A® M=(001)

BO M=(0,0,—1)

Puc. 12. (B usere onunaiin.) S/AF/S-nepexon, opuenrtanus (110). Dnemen-
TapHasi sueiika aHTH(hEPPOMATHETHKA, COAEPKAIIAS [BA COCEAHHUX ATO-
Ma, IPUHAJIEKAIUX PA3HBIM TOIPEMIETKAM, TIOKA3aHA YEPHBIM MPSIMO-
YrOJILHAKOM. Ba3uCHBIC BEKTOPHI €, , MOKA3aHbI BMECTE C €AUHUIHBIMEI
BeKkTOpamu a u b B10J1b KpucTajummieckux oceid. (M3 paboret [102].)
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Puc. 13. ¢, xax GyHKOUS m QIS OBYX 3HaueHWid Vg mpu dp = 21.
CrabmibHble (MeTacTaOMIbHbIE) BETBH (0, MOKA3aHbI CILUIONIHON (ITyHK-
tupHoi) smHUsMH. (U3 pa6oTs [102].)

—0,5 0 0,5 1,0

Puc. 14. ¢, xax GYHKIUS 71,-KOMIIOHEHTHI HAMarHIYEHHOCTH Ha y3i1e A
npu dp =21,m =09 u Vg = 0,28. (13 pabotsI [102].)

TeJbHO Tpanui paszaesa S/AF. HeckomiieHCHpOBaHHBIN
MAarHUTHBII MOMEHT Ha TpaHUIle pa3jiesia He TpedyeT 3a-
TpaT aHTU(QEepPOMArHUTHON OOMEHHON SHEPruy, B OTININE
OT HECKOMIIEHCUPOBAHHOT'O MOMEHTa B 00bEMe aHTH(EPPO-
MarseTuka. B cBs3u ¢ 3THUM MO aHAJIOTUU ¢ HepPOMATHUT-
HeIME cucTeMamu [101] Hanmume aHOManIbHOTO (HA30BOTO
C/BUTA B JIKO3e(COHOBCKUX CHCTEMax OOECIeYMBAET BO3-
MOJHOCTD 3JICKTPUYECKOTO IETCKTUPOBAHUS U YIPABJICHUS
MHAMUKON BekTopa Heesst cBepXnpoBOASIIIM TOKOM.

3aBHCUMOCTb AHOMAJILHOTO (ha30BOrO CABUTA OT BEJIH-
YUHBI JIOKAJIbHOM HAMATHIYEHHOCTH /71, TIPEICTABJICHHAS HA
puc. 13, IOKa3bIBaeT, YTO NMPH YBEJINICHUU 71 CUCTEMA TIepe-
XOJUT OT cOCTOSIHUSI ) K COCTOSIHUIO T M TEPEXOJI MPOUC-
XOJHUT Yepe3 MHPOKYI 00JacCTh MPOMEXYTOYHBIX COCTOSI-
HUH ¢,. Taxke MOXHO BHUIETb, YTO @, SBIJISIETCS CHJIBHO
HEJIMHEWHOM (pYHKIIUEH /71, YTO Pe3KO KOHTPACTUPYET C UMe-
FOIIMHUCS TEOPETHYECKUMHU U IKCIIEPUMEHTAIBHBIMA pe-
3yJbTATaAMU IO aHOMAJIbHOMY (Da30BOMY CABUTY B JKO3€e(]-
COHOBCKHX MEPeXoJax ¢ HU3KOPa3MEPHbIMU (peppOMarHUT-
HBIMH NPOCJIONKAMU UJIM B MAarHUTHOM IIOJIE B IJIOCKOCTHU
npu Haymunu SO-B3auMmojeiicTBus Pambsr [6, 26, 28, 29].
DTO TakXke SIBIISETCS MPSIMBIM CIIEACTBAEM TOTO (akTa, 4To
Tl aHTU(EPPOMATHETHKOB MPOSIBJICHUE MATrHUTOJJIEKTPH-
4eckoro 3¢ deKxTa onpeaesseTcs He BEJTUUNHON HaMarHUUeH-
HOCTU MOJPELETKH 1, a HECKOMIEHCUPOBAHHBIM MarHUT-
HBIM MOMEHTOM, KOTODPBII TOBOJILHO MaJl U MOXET MpHUBeE-
CTH K OOJIBIIIUM 3HAYCHUSM aHOMAJIbLHON (a3bl TOJIBKO
TOrja, Korjaa cucrema Oymska k nepexonay 0—m. 31mech Mbl
TaKkKe HAOJIOJaeM HEOJHO3HAYHOE IMOBEJICHHE AHOMAJIb-
HOTO (ha30BOTO CABUTa CO CTAOUIHLHOW M METACTAOWIBHON
BETBSIMHU.

AHOMaJIbHBIN (pa30BBIN CABUT MPOSIBISET CUIBHYIO 3a-
BHCHMOCTH OT yTJIa 0. M€Ky HAMAarHIY€HHOCTBIO A-y3]1a m U
rpanuneil. Ha pucynke 14 npencrasien caBur ¢asbl @ Kak
(yHKIUST 71,-KOMIIOHEHTHl HAMATHUYCHHOCTH Ha y3Jlie A.
Bextop Heenst Bpamaetcst B mockoctu X, z. Koraa cocra-
BJIsrOIIasl BekTopa Heens BIoib rpaHumsl obparaercs: B
HYJb, ¢y = 0. XapakTep 3aBUCHMOCTH aHOMAJBHOTO (a3o-
BOTO CIBUTA OT OpHEHTAIMH BeKTopa Heens muxryercs
4jeHoM Tuna Jludmmia: cuMMmeTpust TeH30pa xf ompene-
JIsieTCsl cUMMeTpueit, Jiexarieit B ocHoBe SO-cBs3u. B
paccmatpuBaeMoM ciyuae SO-B3ammopeicTBust PamObl
€TUHCTBEHHBIMHU HEHYJIEBBIMH 3JIEMEHTAMH ;' SIBJISIOTCS
1i=—yx . B pesyapTaTe aHomaibHbIl (a30BBIA CIOBHT,
KOTOPBII TpeAcTaBisieT co0oi pa3HOCTh (a3 BAOIb OCH X,

MOXeT OBITh CBSI3aH TOJIBKO C 111, T.€. AaHOMAJIbHBIN (ha30BBIT
CABUT NPONOPIMOHAJIEH M., 110 KpalHell Mepe, Ipu MaJIbIX
m;, KOT1a BBIIOJIHSAETCS JIMHEeHHoe npubimxkenue. B npun-
LUIe, 3Ta 3aBUCUMOCTh aHOMAJbHOI'O (pa30BOr0 CABUra OT
OpHeHTalK BeKTopa Heelst OTKpBIBaeT HOBOE HANIPABJICHHE
NIl U3Y4YEeHUsl TIEPCIEeKTHB YIpaBieHus: BekTopoMm Heeis ¢
MTOMOILBIO CBEPXIIPOBOISIIIETO TOKA.

3.3. p,-nepexon

B MHOI'OKAHAJILHBIX TPAHCHOPTHBIX CHCTEMAax

CHCcTeMBbI ¢ HECKOJIbKUMU TPOBOISIIMME KaHAJIAMH MPEIO-
CTABJISIFOT YHUKAJBbHYIO BO3MOXHOCTH KOHCTPYHPOBAHUS
YCTPOHCTB € MEpeCcTpanmBaeMbIMH TPAHCIOPTHBIMH CBOW-
CTBaMH Ha MaciTabe KBaHTOBOM miuHbl. OJHA U3 MHOTO-
ofbearonux peaju3aluii TAKUX YCTPOWCTB OCHOBaHA Ha
JIOKAJIM30BAHHBIX 3JIEKTPOHHBIX COCTOSIHUSIX, BO3HUKAIO-
IIUX, HATIpUMEP, HA TOBEPXHOCTH TOTOJOTHIECKOTO H30JIsI-
topa [103], Ha kpasix rpadeHOBbIX HaHOJEHT [104] u pas3mi-
HBIX TUNOB HaHOUPOBOIOB [105—107]. Pusuka mnepeHoca
3apsia uepe3 9TU COCTOSHUS NPEACTABISAETCS YPE3BbIYAHO
OoraToil M3-3a CHJIBHOW CIHUH-OPOUTAJILHOW CBSI3U, OOJIb-
IIOTO AHM3OTPOMHOTrO g-(GakTopa, a TaKkKe psaa IPYrux
cBoiicTB. PU3MKa KPaeBBIX COCTOSHUIA, CBI3AHHBIX C 00BEM-
HBIMH cBepxiipoBoasiumMu Oeperamu [104, 105], maér Bo3-
MOXHOCTb HOCTPOUTH HOBBIA THUI XO03€(PCOHOBCKUX
YCTPOMCTB ¢ yNpaBJIsIeMbIMH TOK-()a30BBIMU 3aBHUCHMO-
crsamu [3, 6]. 3mech BO3HUKAIOT OJIArOMPUSTHBIC YCIOBHS
nst HaOJmroieHnst MaifopaHoBckux hepmuonos [108].

B pa6Gote [109] moka3zaHo BO3HHMKHOBEHUE OJHOMED-
HOTO @ -Tlepexoaa B pamkax popmaiamima boromrobdosa —
ne XKena mj1s ciydass HEKBaAPATHUYHOI'O 3JIEKTPOHHOTO
CHEKTpa (IOCTATOYHO Y4€Ta HEKBAaJPATUYHBIX MOMPABOK K
CHeKTpy BOJIM3M THA 30HBI). BBITN Mccie0BaHBl MATHUTO-
TPAHCHOPTHEIE SIBJICHAS B HKO3e()COHOBCKOII cUCTEME, COEp-
JKalle HeCKOJIBKO MPOBOJISINUX KAHAJIOB, MOJCIUPYIOIINX
KpaeBble COCTOSIHHUS, JIOKAJM30BAHHBIC, HATIPUMED, HA TO-
BEPXHOCTU OJIMHOYHON HAHOMPOBOJIOKH C YUETOM CHUJILHOTO
CHUH-OPOUTAIBLHOTO M 36EMAHOBCKOTO B3aMMOJEHCTBHSI.
DTa MoAeNb, WIUIIOCTPAIMSl KOTOPOW MpeacTaBiieHA Ha
puc. 15, mo3BoJisieT ommcaTh Kak OpOUTAJbHBIE, TaK U
CMUHOBBIE MEXAHU3MbI BIIUSHIS MATHUTHOTO MOJISI, & TAKXKE
HETPUBUAJILHOE OCHOBHOE COCTOSIHUE JKO3e()COHOBCKOTO
Nepexo/ia ¢ HEHYJIeBOM CBEPXIPOBOISILEH pa3HOCThIO (a3.
3eeMaHOBCKOE B3aUMOAEHCTBIE CO3HAET TPOCTPAHCTBEHHBIE
OCHWJLUISIINY BOJTHOBOW (DYHKIIMM KYNEPOBCKOW Mapbl HA
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COCTOsIHUS, YTO INIPUBOAUT K '{eTpréM IIOJIOKUTCIIbHBIM
H Y S BHYTPHIIEJIEBbIM YPOBHSAM JHEPTUN:
Si /' A2
e - @ np | gnpgHL

1 B
P ) . 8:An COS[E—(—I)HTZ‘Z%:H, (40)

£ Hanonpososoka| |/ Vg

| ¥ IMomoxka

Puc. 15. (B uBere omiaiin.) Mojeib k03e)COHOBCKOro mepexoaa ¢
[IByXKaHAJIbHON HAHOMPOBOJIOKOW BO BHENIHeM MarHutHoMm moste. (U3
paboTst [109].)

maciurabde fivg /gup H (aHATOTMYHO HAOIIFOaEMBIM B CTPYK-
Typax CBEpXIPOBOJTHUK/(eppoMarHeTrk [3]), KoTopble mpH-
BOJSIT K MAarHUTHBIM KOJICOQHMSIM KPUTHYECKOTO TOKa C
XapaKTEePHBIM TepuoaoM fivg/gupgl, Tie L — niuHaA Ka-
Hayia. OpOuTanbHblii 3((EKT BBI3BIBACT CTAHIAPTHOE YCH-
nenue Gasel ~ 2nHS/®y (P = nhic/|e| — kBaHT MOTOKA) B
3JIEKTPOHHON BOJIHOBOW (DYHKIUHM aHAJIOTUYHO BO3HHKAFO-
meMy B 3dexte Aaporosa—boma. 3necs S — miomaib,
OrpaHMYEHHAs Mapoil MHTepdepUpyrommx TPaeKTOPHil,
CIIPOCIIMPOBAHHBIX HA IJIOCKOCTD, IEPICHIUKYISIPHYIO Mar-
HUTHOMY MOJIFO. B 3TOM cilyyae mHTEepdepupyromme KBaH-
TOBO-MEXaHMYECKAE AMILTUTYABl BBI3BIBAIOT MArHUTHBIC
OCIMJUISIIAN B TIOJHOM aMILTUTYAE MEPEHOCa C MePUOIOM
2d,/S. AHapeeBckoe OTpaKeHHE HA TIPAHUIIAX CBEPXIPO-
BOJTHHKOB MOJXET yJIBOUTDH 3(P(EKTUBHBINA 3apsii B IEpUOJIe
ocmmuisimii [110]. ABTopamu [109] moka3aHo, 4To B 001ieM
cilyyae pe3yJIbTUPYIOIIUN KPUTUYECKUN TOK OCHMJLINPYET C
KOHKypHpYrolmumu nepuogamu 2&y /S u @/ S. Ita dpusnye-
cKasi KapTuHa Momudunupyercs npu Haamuud SO-CBSI3H,
KOTOpasi OTBEYAET 3a 3aBUCHMOCTb ckopoctd Pepmu oT
MPOEKITNY CIIHA M HATIPABJICHUS UMITyJibca. Takas crenudu-
YecKasi 3aBHCUMOCTb CO3/1aéT CIIOHTAHHYIO IK03e(COHOB-
CKYIO pa3HoCTh (a3 [6, 11, 12] 1 MOXeT BbI3BATH CYIIIECTBEH-
HYIO IEPEHOPMHPOBKY YKa3aHHBIX MIEPUOIOB KOJICOAHU.

Tok-dpa3zoBasi 3aBUCUMOCTD ONPEIESIACH HA OCHOBE
cienyrouero ypasaenus [111]:

I(p)=—-2¢ Y s—; tanh <2'9—T) ,

e€(0;00)

(37)

rje A5 BBIYUCIICHUS] SHEPTUHM KBA3MYACTUYHBIX BO30YXK/e-
HUM ¢ peranoch ypaBHeHue boromtobosa — ae Kena

H A u) _ [

At gt v)  “\w
C TAMIJIbTOHMAaHOM M30JIMPOBAHHOMN IPOBOJIOKH, KOTOPHIH B
OTCYTCTBUE MarHUTHOTO IIOJISI UMEJI BUJ

H=[E(p)—p+ops.] @I+ V(x). (39)

3nech p = —i0y — x-mpoekius ummnyJjbcea, &(p) — sHeprus
3JIEKTPOHA B U30JIMPOBAHHOM MPOBOJIOKE, | — XUMHUYECKUN
noteHunuan. YUnen opo. onuceiBaeT SO-B3aumoneiicTBue
Pai0b1, BO3HUKAFOLIEE H3-32 HAPYIIIEHHUS CAMMETPUH HHBEP-
cun B y-HampaBiieHHH [68], omepatop I ecTb eIWHHYHAS
MaTpuna 2 X 2 B KaHAJBHOM IMOIHNPOCTPAHCTBE, 4 MOTEH-
umas V(x) OmMCHIBACT pacCesHUe HA IPAHHIE CBEPXIIPOBOI-
HUKa C HAaHONPOBOJIOKOH. MarHuTHOE MOJIE YYUTHIBACTCS
36eMAaHOBCKUM WIeHOM gugHG. B (39) u 3ameHoll p Ha
P+ |e|4x/c c kanubposkoit A, (y) = —Hy.

[ kopoTkoro nepexona (¢L/vE < 1) Bknan B mko3ed-
COHOBCKHIT TOK JAIOT TOJIBKO BHYTPUINEIICBBIC AHIPECBCKUE

(38)

Te 7 HyMepyeT KaHaJsbl. B pesynpraTe ToK-(ha3oBas 3aBUCH-
MocTb (37) pu T > A, IpUHUMAET BUL

I="Y" Isin[p+ B,H+ (—1)"ne] cos (y,H).
n=1,2

(41)

3nech I, = |e|42 /4T ecTb KpuTHYECKHit TOK 7-TO KaHAJA TIPH
H =0, MarHuTHBIA MOTOK ¢ CO3Aa8T CKBHIOMOMOOHbIE
ocrmyutsiuuu I, wien cos (y,H), 3aBUCSIINIA OT KOHCTaHT
7o = gn ugL(1/vf + 1/vF ), ONMCBIBAaET OCHMJLISLMOHHYIO
3aBHCHUMOCTD I, OOYCIIOBJICHHYIO 3€€EMaHOBCKHM B3aUMO-
JIeCTBUEM, AHAJIOTUYHYIO 3aBUCHUMOCTH B CTPyKType SFS
[3]. Ynen B,H = g, ugLH(1/vf — 1/vg) onmceiBaer obpa-
30BaHUe (@, -niepexoaa, obyciaosiaenHoe SO-B3ammoaeii-
cTBHEM [6].

3.4. Anomaiabnblii d¢dexTt d:x03edcona

B muddy3Hom GeppoMarHuTHOM nepexo;ie

B pabote [48] uccienoBaiach BO3MOXHOCTh peain3aliuu
AJE B nepexonax auddy3HbIil cBEpXIPOBOJIHUK/Peppomar-
HETHUK/CBEPXNPOBOAHUK. BbUIO MOKa3aHO, YTO YCIOBUSIMH
HaOJroieHust 3TOro 3QQeKTa SBISIOTCI HEKOMILJIAHAPHOE
pacnpezesieHie HAMAarHUY€HHOCTH U HapyIIeHHe NHBAPHAHT-
HOCTH CBEPXIIPOBOISIIETO TOKA TPH MHBEPCUU HAMATHUYEH-
HocTu. Takasi cuMMeTpusi BHYTPEHHE MPUCYIIA IIHPOKO
HCMOJIL3YeMOMY KBAa3HWKJIACCHYECKOMY TPHOJIIKEHUIO, U €
yY€T MPHUBOIUT K OTCYTCTBHUIO aHOMAJIBHOTO CBEPXIPOBO-
nsiiero Toka. B nuddy3Hbix cucteMax e€ MOXHO YCTPaHUTD,
€CII y4eCTb 3aBHUCSIIUE OT CIIUHA IPAHUYHBIC YCIOBUS IS
KBa3WKJIACCHYECKUX YpaBHEHWII HA TPAHHIE pa3Jiea CBepX-
MPOBOTHUK/GeppoMaraeTuk. Vcnonb3ys MaHHYIO MpOIe-
ypy, aBTOPBI OMPEICTHIN UAcaIbHbIC IKCIEPUMEHTAb-
HBI€ YCJIOBHUS JUISl YBEJIMYEHUSI aHOMAJIBHOTO JKO3e(PCOHOB-
CKOTO TOKA.

AHOMAJIbHBIN TOK, TOJIyYeHHBIH B paboTte [48], meMoH-
CTpHUpYET OBICTPBIE OCIWJUISIUU B 3aBUCHUMOCTH OT TOJI-
IUHBL (peppoOMAarHeTHKa. DTH OCIVILISAIUHN SIBIISFOTCS pe-
3yabTaToM uHTepdepeHunn Padpu—Ilepo 31eKTPOHHBIX
BoJiH, oTpaxéHHbiX Ha S/F u F/F rpanunax pasznena.

B nuddysubix SFS-cTpykTypax, HCMOJIb3yeMbIX B 3KCIIE-
pumenTax [56—59, 61, 112], paccessHue Ha TpUMecCsX JIeJIaeT
HAMPABJICHUST PACIPOCTPAHEHHS JJIEKTPOHOB CITyYaiHbIMH,
CJIeIOBATEIBLHO, MOXHO OXHIATh MOJABJICHHUS OBICTPO
OCLMJUIAPYIOIIETO aHOMaJbHOro Toka. McciemoBaHust Ha
OCHOBE KBa3UKJIACCUKHU AUPPY3HBIX IK03e(PCOHOBCKUX MEpe-
XOJIOB C Pa3JIYHBIMU HEKOMIUTAHAPHBIMH CTPYKTYPaMH,
BKJIFOYAs CHUpajbHBIE [62], ¢ MATHUTHBIMU BUXpsimu [63] u
ckupmuonamu [64], ve noka3zasm AJE. Hampotus, B pabo-
Tax, MOCBSIIEHHBIX TUPPY3HBIM CHCTEMAM C MOJTYMETAIIIH-
yeckuMH 3jieMeHTamu [15, 50] 1 mepexogaM Mexay MarHUT-
HBIMU CBEPXIPOBOJHUKAMU CO CIUHOBBIMH (HUIbTpaMH [54,
55], mpecka3bpIBaeTCsl KOHEYHBIN aHOMAJIBHBIN TOK.

B paGote [48] mokazaHo, uto AJE MoOXeT BO3HUKATH B
nrobbix auddy3nbix cucremax SFS ¢ HekomIiaHapHOU
TEKCTYPO HAMAarHMYEHHOCTHU B JOBOJIBHO OOILUX YCIOBUSIX.
Ha pucynke 16 nmpeacTaBieHbl TUIHYHBIE HEKOMILJIAHAPHBIE
tpéxcioitable cucteMbl SFS, npusosimue x AJE. ITpuuunna,
10 KOTOpPO#l aHOMAaJIbHble TOKM He ObLIM OOHApYXKEHBI B
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Puc. 16. TunuuHble HEKOMIUIaHApHbIE Tpéxcioituble cuctembl SFS.
(a) Hexonnmuuaeapusie 6apbepbl crimHoBO# (uibTpanmu (FI) ¢ nonspusa-
nueir P, ; u meranmmyeckuit peppomarautheiii cinoit (F) ¢ oOMeHHBIM
nosteM h. (0) Ta xe KoH(DUrypamusi, 4To 1 B CIydae puc. a, 1 36eMaHOBCKUX
noJisix b, ; B cBepXmpoBOISIIUX dJeKTpojax. (B) CruH-GuiIbTpyrommit
Gapbep ¢ nmosisipu3anueii P i 1Ba ciiost MeTauImIeckoro gpeppoMarneTuka
¢ HeKoJuIMHEapHOi HaMarunyeHHocThio h (F) uhy (F’). (U3 paboTsl [48].)

MPEIBIIYIIUX HMCCICAOBAHUSIX MO IUPPY3HBIM CHCTEMAM
SES, cBsizaHa ¢ JONOJHUTEJIBHOM CHUMMETpHEH HHBEPCUH
Hamaramuennoctd (¢, M) = I(¢, —M), KoTOpas y4uThIBa-
JIach B KBa3WKJIacCH4eckoM mpubimxkenuu [72, 73], mo ot-
HOIIIEHUIO K UCXOTHOMY TaMUJIbTOHUAHY [48].

3.5. p)-nepexoa HA OCHOBE CBEPXNPOBOISIINX CTPYKTYP

¢ KBaHTOBBIMH TOYKAMH

O¢dext dxo3zepcona obecneunBaer (HyHIaMEHTATbHBIN
npu3HaK (pa3zoBO-KOTepeHTHOTO TPAHCIIOPTA Yepe3 Me30CKO-
MAYeckre oO0pasIbl ¢ CHMMETPUEH OTHOCHTEILHO obpalrle-
HUS BpeMeHH [4].

B pa6ote [113] ObLT paccuMTaH paBHOBECHBIN kKO3ed-
COHOBCKHI1 TOK Yepe3 MHOTOYPOBHEBYIO KBAHTOBYIO TOUKY C
SO-cBsi3bro Tna Pam6sr mm dpeccenbxaysa. Kputuyeckuit
TOK MOXET paIuKaJIbHO U3MEHSTHCS C M3MEHEHHEM Iapa-
MeTrpa SO-CBsI3U, YTO TPUBOAUT BO BHEUIHEM MATHHUTHOM
MoJjie K OCIHMJUISIIMOHHBIM 3aBUCHMOCTSM OT HapameTpa
cBsi3u Tuna Jlatra—Jlaca.

HoBblil umnysibc HCCIEAOBAHUIO ME30CKOMUYECKUX U
HAaHOPa3MEPHBIX K03e(HCOHOBCKUX MEPEXOIOB MPHUIATIA IKC-
MEpUMEHTAJIbHAS IEMOHCTPALIUS NIEPECTPANBAEMOT0 3aTBO-
POM KO3e()COHOBCKOTO TOKa 4epe3 Nepexo/Ibl C HECKOJIb-
KUMH 3JIEKTPOHHBIMHU YPOBHSIMU (KBaHTOBBIE TOYKH) B pas3-
JINYHBIX CHCTEMAax, B YaCTHOCTH, B InAs-HaHOIPOBOJIOKAX
[114—116], yriepoanbix HaHOTPYOKax [117] u 2D ayekTpoH-
HOM rase B nojynposoanukax [118, 119].
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Puc. 17. (B uBere onaiin.) CxeMa nepeHoca KyNepOBCKOW Maphl yepes3
JIBYXYpOBHEBYIO KBaHTOBYIO TOUKY (QD). (a) Bkitaa B # R , IpUBOASIIIMIA
K aHOMaJIbHOMY CBEpXIpOBOseMy TOKy. (0) OOpaTHbI mpoiiecc,
BKJIAI B /R BepXHSIsl ¥ HIDKHsISI TAHETH MPEACTABISIIOT HAYAIbHOE U
KOHEYHOE COCTOSIHHSI COOTBETCTBEHHO, KOTOPBIC CBSI3AHBI MOCIIEIOBA-
TEJIBHOCTHEO TMPOMEKYTOUYHBIX BUPTYaJbHBIX COCTOSHMU. CILIOLIHBIE
CTPEJIKH YKa3bIBAIOT HEPEXObl, 0O0YCIOBICHHBIC TYHHEIMPOBAHHEM
(3es1éHble, coeMHsIOIINe Oepera U KBAaHTOBYIO TOYKY), CIMH-OpPOUTOM
(KpacHble, COCAMHSIONINE PA3IMYHbIE YPOBHH KBAHTOBOW TOYKH) U 3ee-
MaHOBCKUM B3auMoeiictsueM (rosyosie). (M3 paboTsi [36].)

Me3ockonu4eckre CUCTEMbl Ha OCHOBE OOBIYHBIX S-BOJI-
HOBBIX CBEPXIIPOBOIHIKOB 00Pa3yrOT HOBBIN KJIACC CUCTEM C
CaMOIIPOU3BOJILHO HAPYIIEHHONW CHMMETpHEN OTHOCHTEIb-
HO OOpaIieHust BpeMeHH U, CJIEI0BATENILHO, AEMOHCTPUPYIOT
aHOMaJIbHbIE CBEpXTOKH. B paboTe [11] uccnenoBascs niuH-
HbI OaJIMCTUYECKUN OJHOMEPHBIN KBAHTOBBII MPOBOJT
Pam6sl, rae I, # 0 oGycinoBiauBanock 3¢ dexkTom 3eemMana u
pasHULEH MeX 1y CKOPOCTSIMH ABIDKYIIMXCS BIIPABO U BJIEBO
snexTponos. Iojyuennoe 3HadeHne o u 3Havende I, oc ot
0Ka3aJiCh OYEHb MAaJIbIMU, MMPAKTHYECKH HepeaTn3yeMbIMU
JUIs 9KCriepuMeHTa. AHOMabHbIH 3 dexT [>ko3edcona 611
UCCJIENOBAH YMCJIECHHBIM MOJEJIMPOBAHUEM [UJII MHOIOKA-
HAJILHOTO CIUH-MOJISIPU30BAHHOTO KBAHTOBOTO TOYEYHOTO
koHTakTa [12]. B paboTe [36] paccunutan JKx03ePCOHOBCKUN
TOK 4Yepe3 THUIUYHYIO (Pa30BO-KOTEPEHTHYIO ME30CKOIMIe-
CKyIO cUcTeMy (IIPOU3BOJILHYIO MHOTOYPOBHEBYIO KBAHTO-
By1o TOuky). Ha pucynke 17 mpencraBiieHa cxeMa IepeHoca
KYIIEPOBCKOH Mapbl Uepe3 IBYXyPOBHEBYIO KBAHTOBYIO TOUKY
7 yKa3aHbl BKJIAJbl B MATPUYHBIA JJIEMEHT MIPU HPSIMOM U
00paTHOM Mpoliecce TYHHETUPOBaHUs. bbl1o HaiineHo, 4To
HEOOXOMMBIMHU YCIOBUSIMU ISl I, # 0 sIBJISIETCSl HAJIMYKE
CHUH-OpOUTAJIBHON CBSI3M M COOTBETCTBYIOIIUM 00pa3zoM
OPUEHTUPOBAHHOTO 3eeMaHoBckoro moJs. Kpome Toro,
KBaHTOBAs TOYKA JOJDKHA OBITh KUPAJIbHBIM IPOBOAHUKOM.

3.6. Anomaunbhblii 3¢dext d:xo03edcona

B NOJIyNPOBOJHHKOBBIX HAHONPOBOJIOKAX

Hanuvue cuibHOro CMH-OpOUTATIBLHOTO B3aUMOICHCTBUSI B

y3KO30HHBIX TOJynpoBogHukax tuna InSb m InAs [120-—

122], koTopoe 1aéT BO3MOXKHOCTD 3JIEKTPUYECKOTO yIpaBJie-

HUS CIMHOM, JIeJIAeT UX €CTECTBEHHHBIMHU MaTepHaIaMu JJIs

peanmzanyu aHoMalbHOTO 3 dexTa Ixo3edcona [123].
JIJ1s1 371eKTPOHOB IPOBOJMMOCTH B IPSIMO30HHBIX MOJTY-

npoBoHNKax SO-B3aUMOAECHCTBUE BBIPAXKACTCS KAK

Hso = - o[pxVV(r)],

. (42)
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Puc. 18. (a) Cxematnueckoe nzoOpaxenue mojeu. [loTeHnnan mapbl
HABOJUTCSI B HAHONPOBOJIOKe 3a cuéT a¢dexra Ommzoct. A(x) =
= Agexp (ipy) mpu x < 0 u dgexp (igr) mpu L < x, Torna kak 4(x) =0
npu 0 < x < L. B HaHOIIPOBOJIOKE UMeeTCsl HECKOIbKO puMecedt. CruH-
opbuTaIbHOE B3aUMOeHCTBHE B 9P (DHEeKT 3eeMaHa yINTHIBAIOTCS TOJIBKO
B HOpMaJibHOW oOJjactu. (6) Mojenb CHJIBHOW CBSI3U IMPHUBOIUT K
MaTpHLE PACCESHHS Se (Sh) JUTSL 9JIEKTPOHOB (JIBIPOK), KOTOPAas CBSI3bI-
BACT HAJIETAIOLIUE de M PACCESIHHBIC b, IJIEKTPOHBI (ABIPKU ay, by). [1pu
x = 0 u L 351eKTpOH b, OTpaxaercst Kak AbIpKa ap 3a CYET aHAPEEBCKOTO
OTpaXkeHUs, TOrJa Kak AbIpka bp oTpaxxaeTcs Kak dJIeKTpoH d.. (M3
pabotsI [9].)

rae V(r) — BHEIIHHWH HNOTEHIHMAJ, & 6 YKa3bIBAeT CIUH
AJIEKTPOHA § = 6/2. JIJ1s1 BHEIIIHETO 3JIEKTPUIECKOTO MoJist £
3amena V(r) = e€z B BbIpaxeHun (42) NPUBOJUT K B3AUMO-
JeiicTBuio Pamosr:

o
F (o

31ech KOHCTAHTA CBSI3M o = e£A MepecTpanBaeTCs JCKTPH-
YECKHMM IOJIEM UJIM HAMPSDKSHUEM Ha 3aTBOPeE.

CxeMa mx03e()COHOBCKOTO Mepexoa U KpaTKoe OIica-
HUE UCIOJIb3yeMOH B paboTe [9] Moaen mpeacTaBjIeHbl Ha
puc. 18, a pe3yIbTaTHI B CIIy4ae OTHOW IpUMecH — Ha puc. 19.

B pa6oTe [9] anomanbHbIi 3ddexT Ix)o3edcona uzydal-
Cs YUCIICHHO C MCIOJIb30BAHUEM MOJICJIU CHIIbHOM CBSI3H IS
HAHOIPOBOJIOKH B CJIyYae KOPOTKOTO IEPeX0/1a MPU HAJINIIH
MAarHUTHOTO MOJIs. YPOBHHU 3Hepruu E, aHIPECBCKUX CBSI-
3aHHBIX COCTOSHUI PACCYMTHIBAJINCH YUCICHHO KaK (QYHKIIH
pasHocTH a3 ¢ MeXIy CBepXIpoBoHIUKaMH, dc-pxo3edco-
HOBCKHI TOK OIIEHUBAJICS 110 aHJIPEEBCKUM YPOBHSM. BbLI1O
MPOJIEMOHCTPUPOBAHO HAPYILEHHE COOTHOIeHUs I(—¢) =
= —I(¢). Taxke OBUIO MOKA3AHO, YTO AHOMAJIBHBII HKO3e(-
COHOBCKHIl TOK U 3aBHCHMOCTHh KPUTHYECKOTO TOKa OT Ha-
NPABJICHAS] KAYECTBEHHO TAKHE )K€, KAK U B MOJEJIHN OTHOrO
paccemBaTeIsl, U UTO CIUH-3aBUCHMBINA KAaHAJI CMEITUBAHUS
UTpaeT BAXHYIO POJIb IpU HAIN4UU SO-B3aUMOICHCTBHS.

HSO = —pXO'y) . (43)

3.7. I3MeHeHne MAarHNITHOTO NMOTOKA B CBEPXNPOBOIAIIIEH
netJie, coJep:kauleii 1:k03e)cOHOBCKUIl y-nepexo
XO0pOoIIo W3BECTHO, YTO MATHUTHBIN MOTOK P yepe3 CBepX-
MPOBOJISAIIIOI0 METJII0, MOMEIIEHHYIO BO BHEIIIHEE MATHUT-
HOE TIOJIe, KBAHTYETCs, T.C. PABEH IEJIOMY YHUCITYy KBAaHTOB
notoka @ = ndy. Bo3MOKHOCTH MEPEXOIOB MEXIY COCTOSI-
HUSIMU C PA3HOU BUXPEBOI CTPYKTYpOU (Pa3HBIMH 71) TIO3BO-
JISIeT peajm30BaTh MHOTOCBSI3HBIE CBEPXIPOBOJIHUKOBBIC

2 V®H, 1. 192, Ne 4
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Puc. 19. Pesynbratst pacuéra s N = 1 u [y /L = 1. Ciun-opburtasbHoe
B3aUMOJCHCTBHE coCTaBisieT k,/kp = 0,15. MaruuTHOe moJie HpHIIO-
JKEHO MO HampasiieHuto y. (a) PasHocts (a3 ¢, B MUHUMYyMe SHepruu
OCHOBHOT'O COCTOSIHHSI KaK (pyHKIUSI MAaTHUTHOTO 1014 0. (6) AHOMATIB-
HbIil TOK [[)03edcona (¢ = 0). (8) Kpuruueckuit Tox I, 4. Tok B mo-
JIOXKUTEJIbHOM HANPABJICHUH [ 4 COBIAJAET C TOKOM B OTPULATEILHOM
Hanpasiennu I . (r) CpemHuil Kputhdeckuil ToK (I 4+) CO CpeIHHM
otknonennem ({[Al+*))/> B Buge momocsl ommbok, rme Al . =
=1I.+ — (I +). Cayuaitnoe cpeguee Gepércs mnst 400 obpasmos. (U3
paborsl [9].)

CHUCTEMBI, TaKMe Kak MOTOKOBbIe KyOuTsl [124, 125], cBepx-
YyBCTBUTEIJIbHBIE ETEKTOPHI MATHUTHOTO mojs [126] u
JKO3e()COHOBCKHE TEHEPATOPHI MOCIEIOBATEIILHOCTH Pe3-
KHX PAaBHOMEPHO PaCHpe/IeIEHHBIX UMITYJILCOB HATIPSDKEHUS
[127]. KBaHTOBaHME IOTOKA TAKXKE €CTECTBEHHO MpPEJIojia-
raeT MCHOJIb30BAaHUE CBEPXIPOBOISIIEH NETIN KaK TOMOJIO-
THYECKU 3AINUINEHHON SYeUKM MaMsTH B YCTPOUCTBAX
ObicTpoii oqHOKBaHTOBOM Joruku (RSFQ) [128].

O[1HaKO ¢ YMEHBIIIEHHEM pa3mepa netyiud R npu Quxcu-
POBAaHHOM 3HAY€HMHM MATHUTHOTO MOTOKAa BEJIUYMHA MOJIsS
BO3pacTaeT Kak R ™2, YTO CTAHOBHTCS CEPbE3HBIM IIPEMAT-
CTBHMEM [UJIsI MUHMATIOPU3AIMHA TOTOKOBBIX ycTpoicTs. [le-
pekiroueHne 0e3 HCIOJIb30BAHMUS BHELIHETO MAarHUTHOTO
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MOJISI MOXET OBITh PEAIM30BAHO B CBEPXIPOBOASILEH NETIIe,
comepxameil JKo3e()COHOBCKHI KOHTAKT C BCTPOCHHBIM
MAarHUTHBIM TOPSIIKOM H/WJIM HAPYIIEHHONH CHMMeETpHel
nHBepcnd [1, 3, 4, 129]. B otyimune oT 0OBIMHBIX JK03e(hCco-
HOBCKHX CUCTEM, TaKHe TMEPEXOIbl MOICPKUBAIOT HEHYJIe-
BYIO Pa3HOCTh (pa3 B OCHOBHOM COCTOSIHUU. BKJIFOYEHHBIEC B
CBEPXMPOBOIAIINN KOHTYDP () -TIEPEX0/Ibl UI'PAIOT POJIb (a-
30BOI 0aTapeu B CO3JAaHIH CAMOIIPOU3BOIBLHOTO JJIEKTPHYE-
CKOTO TOKa, KOTOPBIA COOTBETCTBYET MATHUTHOMY HOTOKY
® = (¢y/21) Py uepe3 koHTYp [58, 130, 131]. MoxHO OXH-
JIaTh, YTO yIpaBsiieHHe (a30il OCHOBHOT'O COCTOSIHHS () -TIe-
pexona, HanpuMep HanpsHKEHHEM UM U3ITy4eHHEM, JOJKHO
npou3BecTd 3PPEKTUBHYIO NIEPECTPOUKY MATHUTHOTO TIOTO-
Ka ¥ IEPEKITFOYSHUE CUCTEMBI MEXTy COCTOSIHUSIMHE C PA3HBIM
YACIIOM BHXpell 0e3 MpUMeHEHHsI BHEIIHETO MArHUTHOTO
HOJIS.

OpaHako B OOJIBIIMHCTBE CYHIECTBYIOLIUX (0)-IIEPEXOOB
n3MeHenue (asbl orpaHudeHo (8¢, < 27T) U COOTBETCTBYIO-
Ui NoToK @ < @) HEe MOKET U3MEHUTD KOJIMYECTBO BUXPEH
1 4epe3 CBEPXNPOBOISIINN KOHTYp. [edcTBUTEIBHO, KO-
3e(hcOHOBCKHE TIEPEX0IbI ¢ PEPPOMATHATHBIM CIIOEM MEXIY
CBEPXIPOBOASILUMHU Oeperamy MOAAEPKUBAIOT TOJBKO T-
COCTOSIHUS € ¢ = Tt [56, 57, 132], KOTOpBIE MO3BOJISIOT MPO-
eKTUPOBAThH Pa3BsSI3aHHBIE MO OKPYXKAIOLIEH cperne KyOUTHI
[58], HO HE MOAXOAAT ISt U3MEHEHUS 3aBUXPEHHOCTH TETJIH.
Ilepemennas tomuuHa ciost F (cMm., Hanpumep, [133] u ccbui-
KM TaM), a TakXke HaJnuue BUXps AOpPUKOCOBA WJIM Hapbl
WHXEKTOPOB TOKA B OJJHOM M3 CBEpXIPOBOJIHUKOB [134, 135]
MOTYT NPHUBECTH K (Ha30BOMY Hepexoay BTOPOTO poja co
CIOHTAHHOH (a30il ¢, M3IMEHSIOIIEHCS OT HyJIs 10 T (Tak
410 O¢ < m). CuTyanus BeITISAUT OoJee MHOTOOOEIIATO-
mei s coequnenuid SFS ¢ HapymieHHOW cuMMeTpuen
unBepcuy, rae SO-p3auMoaeicTBue co31aéT IPOU3BOJIIb-
HYIO CIOHTaHHyIO ¢a3zy ¢, x vsinf (0 — yromx mexmy
OOMEHHBIM TI0JIeM B (peppoOMarHeTuKe 1 HalpaBJICHUEM Ha-
PYIIEHHOW CHMMETPHU HHBEPCUH), B TO BPEMSI KaK IMOCTOSIH-
Has v XapakTepu3yeT HHTEHCUBHOCTh SO-B3aMOIEHCTBHS U
obmenHoro mnons [6, 12, 27, 36, 50]. OnHako mapamerp v
OOBIYHO MaJI, YTO OTPAaHUYUBAET BapUALUH ().

B paGote [136] nmoka3aHo, 4To 1k03e()COHOBCKHIA V-TIe-
pexo ¢ MOJYMETAJTNYECKAM CJIa0bIM 3BEHOM, HHTEIPUPO-
BAHHBIM B CBEPXNPOBOSIIUN KOHTYP (puc. 20), mo3BojsieT
HAaKaYUBATh MaTHUTHBIN MOTOK, TIPOHU3BIBAIONINI METITIO.

B Takom coeauHeHuu ¢daza OCHOBHOTO COCTOSIHUS
OIpeAesIsIeTCs] B3aUMHOM OpUeHTanneil MarHUTHBIX MOMEH-
TOB B JIBYX (peppomarseTukax (puc. 21), okpyKarommx mo-
nymetasul. Ilpemeccusi MArHUTHOTO MOMEHT4 B OJHOM W3
(beppoOMarHeTUKOB, ympaBisiemas, HApUMep, MUKPOBOJI-
HOBBIM H3JIyUYCHHUEM, MPUBOIAUT K HAKOIUICHUIO (Pa3bl Y u
MOCJIeIYIOIIEMY NEPEKIFOYEHIIO MEX Y COCTOSHUSIMU C pas3-
HBIM KOJIMYeCTBOM Buxpeil. IlpennoxkeHHblii MexaHu3M Ha-
Kaykd TOTOKAa He TpeOyeT MPUIIOKEHUS HAMPSDKEHHsS N
BHEIITHETO MArHUTHOTO IIOJIsl, YTO MO3BOJISIET HMPOEKTUPO-
BaTh JJIEKTPUYSCKH PA3bCIUHEHHBIC SUCHKH MaMSTH IS
CBEPXIPOBOTHUKOBON CIIMHTPOHUKH.

CoOOTBETCTBYIOLIUI BBIOOD BO30OYKIAFOIIEH YaCTOTHI Q2
MO3BOJISIET PEAIM30BATh YIPABISIEMOE IEPEKITFOUCHAE MEXTY
Pa3IMYHBIME CTA0IIBHBIMA COCTOSIHUSIMA (0, TPAMEP KOTO-
poro mexay coctostausmu 7 = O mn = 1 mokasan Ha puc. 22.

3.8. TensoBoii anasior

anoMasbHoro 3¢pdexra xo3edcona

B pabote [137] npencka3biBaeTCsl TEIJIOBOW aHAJIOT aHO-
maipHOro 3 dekta Jxozedcona B SFS-cTpykType ¢ HeKOM-

DHeprus

VYupasisiemoe
hER WIS E

o/ ®

Puc. 20. (B uBete oHIaiiH.) DCKU3 CBEPXIPOBOISILEH ETIIN, COAepKAIIeH
JOKO3e(COHOBCKMIT 1f-Iepexo/], KOTOPBIl MO3BOJISIET MEPEKII0OYATHCS
MEK/Ly COCTOSIHUSIMU C PA3JIMYHBIM KOJIMYECTBOM BHXPEi MOCPEACTBOM
TIEPUOINYECKOTO BO30YKACHHS KO3e(COHOBCKOW (ha3bl Y OCHOBHOTO
cocrosiHuA niepexona. (M3 pabotsl [136].)

HM F, S

i

k>
_t mMp 4

F // "
S [ y

—_—

Puc. 21. (B uBere oHJaiiH.) (a) Dcku3 1K03e(hCOHOBCKOTO /-TIEpexoa,
re cinabasi CBsA3b COCTOUT U3 CJIOS HOJIyMeTasllIa MeX/1y aByMst (eppo-
MarHeTukamu. ®aza OCHOBHOIO COCTOSIHUS I COBIIA/IAET C YIIIOM MEXIY
NPOEKIUSIMHI MATHUTHBIX MOMEHTOB Ha IUIOCKOCTb, MEPIEHIUKYJISPHYIO
OCH CIIMHOBOTO KBAHTOBAHHsI MOJIyMeTalIa. (6) DCKH3 BO3MOXKHOMN IKC-
MEPUMEHTAJIBHOM YCTAHOBKH, B KOTOPOU IUPKYJISIPHO TIOJISIPH30BAHHOE
9JIEKTPOMATHUTHOE M3JIyYeHNE BPAIaeT MATHUTHBII MOMEHT B cj1oe F2 1
MPUBOMT K U3MEHEHHUIO JUKO3e(hcOHOBCKOM (ha3bl . (M3 paboTsl [136].)

IJIaHApHOW MarHUTHOM TekcTypoil. [lokaszano, 4To Temio-
BOH TOK dUepe3 mepexoj] mMeeT (Ha3ouyBCTBHTEILHYIO HH-
TephEepEeHIIMOHHYIO COCTABJISIONIYIO, MPONOPLUUOHATILHYIO
cos (60 — 0y), tme 6 — mxo3edcoHoBckast pasHocts a3, a
0y — coBur (as3pl, 3aBUCSIINIA OT TEKCTYPHI.

B TpéxcioiftHOW MarHUTHON CTPYKTYpe C TYHHEJIbHBIM
6apbepoM CO CIHMHOBBIM (PHILTPOM BeIMYMHA ) ompese-
JISETCSl CIIMHOBOW KHMPAJbHOCTbIO MAarHuTHOHN KoH(purypa-
IIMM U MOXET PacCMaTpUBATLCA KaK MPSMOE IPOSIBJICHUE
MepeHoca 3HEPIUU C YYaCTHEM CIUH-TPHUIUIETHBIX KyIepOB-
ckux map. B ciydae maeaibHOro CIMHOBOTO (HIIBTpA MO-
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Puc. 22. [lunamuka 1k03e(h)COHOBCKOI (ha3bl, COOTBETCTBYIOLIAS yIIpa-
BIISIEMOMY IIepeXofy u3 cocTostHus n = 0 B cocTosHEE 12 = | M 0OpaTHO.
3HaueHus: BO30YXK/IaIOILEH YacTOThl YKa3aHbl B BEPXHEN 4aCTH PUCYHKA.
ITprxoBble JIMHUM 0003HAYAIOT MOMEHTBI BKJIIOUEHHS M BBIKIIOYEHHUSI
B030Oyxenus. (U3 pabotsl [136].)

Ka3aHo, YTO CABHTI (pa3bl yCTONYUB K CIMHOBOM peslakcaluy,
BBI3BAHHOHN CIMH-OPOUTAIBLHBIM paccessHueM. OOCykIaroT-
Csl BO3MOXHbIE TPUMEHEHHUSI CBSI3M MEX/AY TEIJIOBBIM IIOTO-
KOM ¥ MAarHUTHOU NperecChen.

Kax ykasbiBasioch BbIIIE, B MOCJEAHUE TOJBI OOJIbIIIOE
BHUMaHUue yzaesseTcs: $a3oBO-KOTepPEeHTHON KaJOPUTPOHUKE
B THOPUIHBIX CBEPXIMPOBOAAIIUX CTpykTypax [138]. Mexa-
HU3M (ha304yBCTBUTEILHOTO MEPEHOCa TEIla OCHOBAaH Ha
TerIoBoM aHajore addekra Ixozedcona [139—141], xoTo-
pbIii BOBHUKAET B CHCTEME, COCTOSIIEH U3 ABYX CBEPXIIPO-
BOJIHUKOB S| u S, pa3aesi€éHHBIX cl1a0bIM 3BEHOM U HAXO-
nsmuxcst npu Temmepatypax 77 u 7 COOTBETCTBEHHO.
HenyneBoe cMmeliieHue TeMmepaTyphl (IJ1s ONpeIeIéHHOCTH
npeanojaraetrcs, 4ro 77 > T,) reHepuUpyeT HOCTOSHHBIN
TEIJIOBOM MOTOK OT S; K S, KOTOPBI BBIpaXKaeTcs vepe3
teroBoe TOC:

Owot(T1, T2,0) = Qqp — Qint c0s 0, (44)
rae 0 — pa3HoCTh (a3 MeXTy CBEPXIIPOBOISIIIMHE JJIEKTPO-
J1aMu. 371eCh TEPBBIX 4JIeH B TPABOW 4YaCTH — 3TO OOBIYHBIN
KBAa3M4aCTUYHBIN TEIJIOBOM TOK, @ BTOPOU OMUCHIBAET BKJIA
NepeHoca SHEPTUU ¢ yYacTHEM KyNepOBCKUX nap. B cooTset-
cTBUU ¢ cumMeTpueit OH3arepa TemIoBOl TOK HHBAPUAHTEH
OTHOCHUTEJILHO OOpallieHus] BpeMEHH, TakK Kak (pa3oBo-kore-
PEHTHBIA 4iieH B ypaBHeHUH (44) He M3MEHSETCS TPU
unBepcun Gaspl: Qo (0) = Oior(—0).

DKCIEPUMEHTAJILHO B3aMMHOE BIIMSIHUE TIEpeHOca Teria
u 3ddexra Jxo3edcona nzyuasiocr HaUMHAS C HAOJIOACHUN
TEPMO3JIEKTpUUYeCKUX 3(P(HEKTOB B Mepexo1ax CBEPXIPOBO/I-
HUK/HOPMAaJIbHBIA MeTasu1/cBepXnpoBoaHuK [142]. HenaBHo
HAJIMYAE KOTEPEHTHBIX TEIUIOBBIX TOKOB (44) OBLIO TOI-
TBEPK/ICHO B SKCIIEPUMEHTAX C HCMOJb30BaHUEM JKO3e(CO-
HOBCKOH TeIJIOBOW MHTEPPEPOMETPUH B TYHHEJbHBIX KOH-
takTax [138, 143]. BnocneacTeuu ObLT NPEAIOKEH PSII IPH-
JIOKEHWIA, B TOM YHCJIe TersioBble mHTepdepomeTpsl [138,
143, 144], tpansuctopsl [145], pazouyBcTBUTETBHBIE PEeppO-
MarHuTHBIC J1KO3e(h)COHOBCKUE BEeHTUIH [146] M 30HIBI TO-
MOJIOTUYECKUX aHIPEEBCKUX CBSI3AHHBIX COCTOSIHMIA [147].

Hamnpasnenne Qi B ypaBHeHHH (44) MOKHO KOHTPOJIH-
poBaTh B IKCIIEpUMEHTe, obecreunBas peaim3anuio 0—m-
TEIJIOBOTO JIK03e(hCOHOBCKOTO TIepexoa [148].

2*

L
NN

Fi FI F,
Aeif/2

Puc. 23. Dcku3 cuctemsl FS/FI/SF npu TemioBoM cMeIIEHUH CO CBEpPX-
HPOBOSLIMMHU JIEKTPOAAMHU S| >, HAXOASLIMMHUCS IPH PA3HBIX TeMIe-
patypax 7T . O6mennsie nosist hy u hy B peppoMarHuTHBIX s5eKTpoax
F| u F, 06pa3yroT HEKOMIUIAaHAPHYIO CHCTEMY CO CIIMHOBOI MOJISIpH3a-
nueit m peppomarautaoro 6apsepa (FI). (13 padotst [137].)

0,5 F 0.5 F -
-_— 90/7{ - 6_ -
04 | — o 04 T
03 F 03 — Oo/n
- = @y/n
02 02
01 01
—— e — === T == | | |
0 02 04 06 0 02 04 06
T/Tq /Ty

Puc. 24. Cagur dasslt B TOC ¢, = ¢, (T') u B TemmoBom TPC 0y = 0o(T)
npu (a) P = 0,8 u (6) P =0,9999. Obmennoe pacuieruienue 1 = 0,54¢ n
CHHMH-OpPOUTAIbHAS PeJIaKCAIIUs (Tcorso)_l = 1. MarauTHas koHpurypa-
must coorsercryet hy » L mu 0, = n/2. (U3 pabotsr [137].)

B pabote [137] coobiaetcst 0 BO3MOXHOCTH TOJTyYCHU S
0000ménnoro temiosoro TAC B Bujie

Orot(T1, T2,0) = Qqp — Qint cos (0 — o) , (45)
r7e, B OTJINYUE OT ypaBHEHUs (44), UMeeTCsl MPOU3BOJIbHBIH
casur ¢assl 0.

9ToT 3(pPekT nMeeT MecTo B CUCTEMaX C HapYIICHHOH
CUMMeETpHEN OTHOCUTEILHO OOpAlleHNs] BpEMEHH U KUPaJIb-
HOM cuMMeTpuel, Takux kak SFS-niepexoapl ¢ HeKOMILIaHAP-
HOW MarHMTHOW TEKCTYPOU WJIM CNUH-OPOUTATIHLHBIM B3au-
MojeicTBreM. Ero MoxHO paccMaTpuBaTh Kak TEIJIOBOM
aHaJor aHoMaJibHOTO 3dexTa [Ixo3edcona, XapakTepusye-
Moro 0600mEHHEIM TOC:

I(p) = Iesin (¢ — @) . (46)
3nech I, — KPUTUYECKUH TOK, & (9g — MPOU3BOJIbHBINA CIABUT
(da3pl, KOTOPHI B 00IIEM cilydae OTJIMYAETCS OT CABHTa
(da3pl B 06001énHOM TerioBoM TOC: 0y # ¢, .

B pab6ote [137] memonctpupyetrcs TtemoBoe TOC co
casurom (asel (45) Ha mpuMepe 1K03e()COHOBCKOTO CITUHO-
Boro BeHTUJIs [149], KOTOPBIH COACPKUT TPU HEKOMILIAHAD-
HBbIX MAarHUTHBIX BekTOopa (puc. 23). OH COCTOUT M3 JIBYX
(eppOMarHUTHBIX CJIOEB ¢ OOMEHHBbIME HOJsIMH h) >, B3au-
MOJEHCTBYIOIIMMHI CO CBEPXIPOBOISIIMME 3JIEKTPOJAMH,
pa3aeaéHHBIMU OapbepoM CHUHOBOTO (UIbTPA C MATHUT-
HOU noJisipu3anyeit, HanpasjeHHO! B0 m. Ha pucynke 24
npencrasieHsl casurn ¢az B TOC ¢ ¢, u 0y mpu aByx
3HAYCHUAX 3P PEeKTUBHOCTH CIMHOBOTO (pusbTpa Gapbepa P.
HenasHo 3¢ dext cnmuoBoro ¢puibTpa ObLT NPOAEMOHCTPU-
poBan B SF-cTpykTypax Ha ocHOBE (heppOMArHUTHBIX U30JIsI-
TOpoB xayibkoreHu 0B eBpomus [150, 151] 1 GAN-TyHHeNb-
HbIX 6apbepoB [152]. Posb BHenHNX KoHTakTOB F 5 cocTout
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B TOM, 4TOOBI HHyIIUPOBATh 3(pPekTHBHBIE OOMEHHBIE MOJIS
B CBEPXMPOBOASIINX 3JIEKTPOJaX. B ciryuae MeTamimyecKkux
(beppOMAarHeTUKOB 3TO MOXKET OBbITh JIOCTUTHYTO Ha OCHOBE
obpaTtHoro 3dgdekra 6muzoctu [153, 154]. B kavecTBe aJib-
TepHAaTUBBI F| » MOTYT OBITH (heppOMArHUTHBIME H30JISITO-
paMu 1 HaBOIUTh 3(dekTHBHOE OOMEHHOE MoJe B S| ; Kak
pe3yJIbTaT NEePEMEIINBAIOIIEIO CIMHBI PACCESHUS DJIEKTPO-
HOB mpoBoaumocTu [129].

4. Anomaabnblii 3¢¢pext A:x03edcona
B CTPYKTYpPax € TOMOJIOrH4eCKHM H30.ISITOPOM

B HacTosiee BpemMst U3BECTEH PAI 1K03e(HCOHOBCKUX CTPYK-
TYp, B KOTOpBIX peanmusyercs AJE, oOycIoBIIeHHBIH CBOA-
CTBAMH TOTOJIOTUYECKUX MaTepuaaoB. B maHHOM pasjerne
paccMOTpeHa BO3MOXXHOCTD YIPABJICHNSI aHOMAJIbHBIM JIXKO-
3e()COHOBCKUM TOKOM NOCPEACTBOM MalOpaHOBCKON MOJIbI;
OTHCAH TepexoJ]l, 0OPa30BaHHBIA KOHTAKTOM JBYX CBEpX-
MPOBOJIHIKOB Yepe3 CIMPAJIbHbIE KpaeBble COCTOSIHUS KBaH-
TOBOI'O CIHMH-XOJJIOBCKOI'O M30JIITOPA; 00CYXAaeTcs CBSI3b
3JIEKTPUUYECKOTr 0 3apsija M CIHUHOBOW MOJSAPHU3ANUU IPU
PaBHOBECHOM M HEPABHOBECHOM 3JIEKTPHUYECKOM TPaHC-
MOpTeE Yepe3 ABYMEPHBIH 15K03e(COHOBCKUI IEPEX 0T, COLEP-
KAl HEYNMOPSIOUYEeHHbIE TOBEPXHOCTHBIE KaHAJBI TPEX-
MepHOTo Tonojiorndeckoro uzossitopa (TI); mpogemoHCcTpH-
POBAHO TaKXXe pacIIeIUIeHUe JETKOi och (peppoMarHeTuka B
SFS mx03e(cOHOBCKOM ¢(-IIEpeX0e Ha TOBEPXHOCTH TPEX-
mepHoro TI.

4.1. YnpaBjieHue aHOMAJIbHBIM /1:K03€()COHOBCKUM TOKOM
MOCPe/ICTBOM MallOPaHOBCKOW MO/IbI

OTJINYATEIPHON YePTON TOMOJOTHYECKOTO U30JIATOpa SIB-
JISIFOTCST KpaeBbIe MJIM TOBEPXHOCTHBIE COCTOSIHUSA. B IByMep-
HOM cilydyae Ha Kparo oOpasla BO3HHKAIOT CIUpPAJIbHBIE
MOJIBI, T.€. Tapa OJHOMEPHBIX MO/, CBSI3AHHBIX CHMMeETpHUE
OTHOCHUTEJIbHO OOpAIleHHs] BPEMEHH W PACHPOCTPAHSIO-
IIUXCSI B IPOTUBOIIOJIOKHBIX HAMPABIICHUASX IS MPOTUBO-
MOJIOXKHBIX TMCEBAOCIUHOB. 2D KUpaIbHBIA AUPAKOBCKUN
¢bepmuon Ha moBepxHocTH cuiabHOro TI (c HEUETHBIM
YHACIIOM KHPAJbHBIX TUPAKOBCKUX (DEPMHOHOB Ha MOBEPX-
HOCTH) 3aIHUIIEH TOTIOJIOTUEH 1 HATTHYueM 0O BEMHOM 3arpe-
MEHHOM 30HBI. Takue CUCTEMBI MPEICTABISIFOT COOON UHTE-
pecHbIe 00BeKThI JTs Torcka 2D poHOHHOI HITH IKCUTOHHOMN
CBEPXIIPOBOJIUMOCTH (CM. CChUIKH B pabote [155]). ®y u
Keiin [156] npeackasaiy nosiBJieHHE KUPAJIbHBIX MAHOPaHOB-
CKHUX (DepMHOHOB KaK CBSI3aHHBIX aHAPEECBCKUX COCTOSIHUHN Ha
rpanune nzonsaropa (FI) u o6eraaOTO cBepXmpoBoaHuKa (S),
UMEIOIINX JTUCTIEPCUIO BIIOJIb IPAHMIILI pa3iea.

SBneHUs mepeHoca 3apsaa B CTPYKTypax HOpMab-
HBII MeTasu1/(peppoOMarHuTHBIN U30JISITOP,/CBEPXIIPOBOTHUK
u S/FI/S ¢ kupanbHOil MaflopaHOBCKON MOJIO HA MOBEPX-
Hoctu Tpéxmeproro TI m3yuanuce Tanakoii c coaBTopamu B
pabote [155]. Bo3Hukaromiasi KupajibHas MalOpaHOBCKas
MOJIa MOXET C BBICOKOW YYBCTBUTEIHBHOCTHIO KOHTPOJUPO-
BaThCSl HAmpaBJjicHWeM HaMmaraumieHHocTH m B FI. Cusur
(ha3pl MOKHO HETIPEPHIBHO MEPECTPAUBATDH C IIOMOLIBIO KOM-
MOHEHTHI M, TMEPIEHIUKYIISIPHON TpaHuUle paszfena. Ympa-
BJICHHE AaHAPECBCKAM OTPaXEHHEM M IK03e(COHOBCKAM
TOKOM TIOCPEJCTBOM MAaHOpPaHOBCKOM MOJBI OTKPBLIBAET
VHUKAJIbHBIE BO3MOXHOCTH IS CBEPXIPOBOJHUKOBOM
CIMHTPOHUKHU.

Ha pucynke 25 mpencraBieHa KOHTYypHasl auarpamMma
YPOBHS 3HEPTUU KUPAJIbHOU MaftopaHOBCcKoit Mol (CMM)
Ej xax ¢yuknus 0 u ¢ niusg m, = 0, 0,4m. u —0,4m., a Takxe

CMM a CMM 6

0,5 0,5
1,0

Zo 0.5 <o
0

~0,5 ~0,5

-1 0 -1 0

@/n ! o/n 1
CMM B J03e()cOHOBCKHI TOK
0,5 r

0/n 1,0

0 0,5

0
-0,5
-1 0 o/n 1

Puc. 25. (B uBere oninaiin.) KoHTypHasi nuarpamMma ypoBHSI SHEPTrUH
KHpaJIbHO# MaitopaHoBckoil Mmoabl Ey (CMM) kak ¢ynkuus 0 u ¢ ans
(a) my =0; (6) my =0,4m.; (8) my = —0,4m.. (r) PesynpTupyromuii
oko3edconoBekuit Tok B nepexome S/FI/S: 1 — my/m. =1, 2 —
my/m, =04, 3 — my/m.=—04. Ha Bcex pucyHkax m.d/vg =1,
u/m. =1umy/m.=0.T=0,05T,, rae T, — KpUTHYCCKAs TEMIICPATY-
pa. (U3 pabotsl [155].)

Pe3YIbTUPYIOLIUH J15K03e(DCOHOBCKUI TOK B MEpPEX0/Iax, Je-
MoHcTpupyroux u3meHenne TOPC B 3aBUCUMOCTU OT Ha-
MpaBJICHUsST HAMATrHUYEHHOCTH B (PEPPOMATHUTHOM HU30JIsI-
TOpE.

Pacuér mx03e()COHOBCKOTO TOKA C YYETOM KHpPaIbHOU
MalopaHOBCKOUM MOJ1bl U HaMarauueHHocTH B F1, npoBenén-
HBII B pabote [155], IpUBOAMT K BHIPAXKEHUIO

sin (¢ — 25)r/2 do n4? tanh (Ey/2ksT)on cos 0

2FE
_ —n/2 J
EIRN = w2 s
J dO oncos O
-n/2 (47)
rge RN — CONPOTHUBJIEHHE B HOPMAJbHOM COCTOSIHUH,

0 = myd/vp — caBur ¢asel, T — TeMneparypa, oN — Ipo-
3pavyHOCTh MEePEX0Jia B HOPMAIBHOM COCTOSTHHH.

J>x03e(pcOHOBCKMIA TOK PAKTUIECKH HE 3aBHCHT OT M1y,
MOTOMY 4TO €ro BKJaj B I KOMIIEHCUPYETCS MaiOpaHOB-
CKHMH MOJAMH C TIPOTUBOMOJIOKHBIMU KUpasibHOCTIMU. C
JIPYTOi CTOPOHBI, M1, CYHNIECTBEHHO BJIMSICT HA BEJIMYUHY [
Kak 3QPEeKTUBHBIA BEKTOPHBIN MOTEHIMAT, KOTOPBIH HAMPSI-
MYIO BXOOHUT B Jk03e(COHOBCKYrO a3y ¢. OTcyTcTBHE
MaJioro Gakrtopa e/c, KOTOPbIil YMEHBIIIAET CBSI3b C Mar-
HUTHBIM I10JIEM, 3HAUYUTEJIbHO 00Jteryaet nepectpoiiky TOC.
3amMevaTeIbHBIM SIBJISETCS TO, YTO B JJAHHOW MOJEJIH aHO-
mabHOe TOC BO3HHUKAET TOCPEICTBOM U3MEHEHUS OJHOTO
BEKTOpa HAMarHWYCHHOCTH, 0€3 UCIOJIb30BAHUS HETPAIH-
IIUOHHBIX MEXaHU3MOB CIIAPUBAHMUSI.

4.2. ¢,-nepexobpl B CBEPXNPOBOAAIINX CTPYKTYpax

€ KBaHTOBBIM CHHH-XOJLIOBCKHM H30.JISITOPOM

OnHEM U3 BapHaHTOB K03e(COHOBCKOTO ()-TIEpPexofa,
OCHOBAHHOT'O Ha TONOJIOTMU Oapbepa, SIBJISETCS NMEPEXOL,
00pa30BaHHBII KOHTAKTOM ABYX CBEPXIPOBOJIHUKOB Yepe3
CHHUpaJIbHbIE KPaeBble COCTOSIHUSI KBAHTOBOTO CIMH-XOJIJIOB-
ckoro usosistopa (QSHI) [25]. BiusiHue BHEIIHET0O MATHUT-
Horo noJist Ha TAC Takoro nepexoaa MpUBOIUT K TOMY, YTO
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a
L/¢ = 0,1 (kopOTKHil IEpexo)
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Puc. 26. AHomanbHbll addexT [xo3zedcona B kopotkoM (L = 0,1¢, puc. a,6) u mmaHOM (L = 10&, puc. B,1) S/QSHI/S-nepexonax. Pucynku a u B
TIOKA3BIBAIOT 3aBUCUMOCTD TOKA OT (ha3bl pu Temmnepatype T'/Ag = 1073 17151 pa3iuyHbIX 3HAYCHUIT TPUIOKEHHOT O MATHUTHOTO 1OJIs /1. PucyHku 6 ur
MOKa3bIBAIOT AHOMAaJIbHBIH JKo3edcoHoBCKuit TOK pu ¢ = 0 xak ¢pyukuuto /1. (M3 padotsr [25].)

B pesyiabTaTte 3ddekTa 3eeMaHa BIOJb OCH CHUHOBOIO
kBaHTOBaHUs péoep cnupasu Bo3nukaer AJE. Casur daszsl
(o CBS3BIBAETCS C TAK HA3BIBAEMOM CIUPAJBHON CBEPXIPO-
BOJMIMOCTBIO, SIBJISIFOIIEHCS PE3YIbTATOM B3aHMHOTO BJIHS-
HUs apdexTa 3eemana u SO-cBsI3U.

CrpaJjibHasi CBEPXIIPOBOIAIMOCTb, 0OYCIIOBIICHHASI Kpae-
BBIMHU COCTOSIHUSIMH, IPUBOJUT K TOKY

I(h)z%{h—@(h—zlo) hQ—Aﬁ}, (48)

rae ©@ — ¢yHknus XeBucaiina, i — NPUITOKEHHOE MATHUT-
Hoe moute. Tok I(¢ = 0) mportekaet B koporkom AIT, L < £ ¢
& =wg/4y, upu HyneBoil pasnoctu as3. Takum o6paszom,
MPOKCUMUTUA3UPOBAHHAS CBEPXIPOBOIUMOCTD TEPEBOIUT
CUCTEMY B BO30YXIEHHOE COCTOSHHUE, YTO IPHBOAHUT K
aHoMasibHOMY 3]dexty [xo3edcoHa. AHOMATBbHBIA TOK
YBEJHMYUBAECTCS IPONOPLUUOHAIBHO PHIIOKEHHOMY MarHUT-
HOMY moJito /i mpu h < 4y, a 3aTeM yMEHBIIAETCS KaK
I~ eA3/(2mh) npu h> Ag. OTMeTuM TOT dakT, uTo Ao
SIBJIICTCS HAaBEACHHOH IIEBbI0, YTO TaKXe MOApa3yMeBaeT
CIIPaBeUIMBOCTH YCIIOBHS /i > A, TOKa IIesIb Ay TOCTATOYHO
MaJja MO CPaBHEHHIO C COOCTBEHHOH ILIEJIbIO CBEPXIPOBOJI-
HUKOB, 00Pa3yIOIINX MIEPEXOI.

Ha pucynke 26 mpeacrtaBieHa 3aBUCHMOCTb TOKa OT
(dbasel WISl pa3IMYHBIX 3HAYCHHH NPWJIOKEHHOTO MATHUT-
HOTO TOJIS /1, a TaK)Ke aHOMAaJIbHBIH JHKO3e()COHOBCKHI TOK
npu ¢ = 0 xax pyHKIMS /1.

BaxHoe 3HaUeHME UMEET MPOCTPAHCTBEHHOE pa3ieIeHIe
nByX cnupaseil. AJE Bo3HHKAET, eciu TOJLKO COeIMHEHHS Ha
KpasiX WMEIOT HEONWHAKOBYIO UIMHY, KaK CXEeMaTHYHO
MoKa3aHo Ha puc. 27a, Tae AK03e(COHOBCKUHA TOK Tepe-
HOCHUTCSI KPaeBbIMH COCTOSIHUSIMU. AHU30TPOIHUSI THPOMATr-
HUTHOTO TEH30pa JI0JDKHA TI03BOJISITh HAOIOAaTh 3P QEeKT ¢
MAarHUTHBIM TI0JIEM B TUIOCKOCTH. D deKT sBseTcss yCTOM-
YUBLIM MO OTHOIICHUIO K HEOOJIBIIOMY CMEIIEHUIO MEXIY
MPIJIOKEHHBIM TIOJIEM U OChIO CIIMHOBOT'O KBAHTOBAHUSI.

0,4 6
0,3 -
0,2 -
E: o1t
= e
é —0,1 |- »
= —0,2 — T/4y = 0,001
—03 — == T/4y=0,05
o4l — —T/4 =01
05 ] ] ]
0 0,5 1,0 1,5 B/ 4y 2,0

Puc. 27. (a) IIpennaraemast ycTaHOBKa JUIsl OOHAPYKEHUs ¢y B THOPUAHOM
cucreme S/QSHI/S: marnutHOe mosie B mpuiiokeHO B IUIOCKOCTH Tie-
pexona. Kpaesbie cocTosiHus ¢ 00enx CTOpOH oOpa3la BHOCST BKJIAJ B
mko3zedcoHoBekuit Tok. Cxema aHomanbHOro shdexra [Ixozedcona
COXpaHsIeTCs, eCJI HepeXobl HMEIOT HEOOWHAKOBYIO UMHY L # L;.
(6) AHOMAJIBHBIH K03e()COHOBCKUI TOK B ()-liepexolie Kak (hyHKIHs
h = ppgerr|B|/2 B cityyae Ly = 10 u Ly = Ly /3 npu pa3amuHbIX TeMmiie-
parypax. (M3 paboTsr [25].)

3aBHCHMOCTh AHOMAJIBHOTO IKO3¢()COHOBCKOTO TOKa OT
MAarHUTHOTO TOJIs1 i Tipu @ = 0 711 pa3JIUYHBIX TEMITEPATYP
nmokasana Ha puc. 276. OTMETUM [ONOJHUTEJIbHBIA CIIBUT
($a3bl MexIy ABYMs KpasMu, OOYCJIOBJICHHBIH OpOMTAJIb-
HBIM 3 dexTom moJs [157 - 159].
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Taxum 00pazoM, ocCHOBOI aHOMaIbHOTO 3¢ dekTa Jxo-
3edcona B cucremax S/QSHI/S siBisercs cimpasibHast npu-
pona xpaeBbix coctostHM QSHI, monBepkeHHBIX BO3/eil-
CTBUIO MAarHUTHOTO TOJISI. Pe3yapTupyromuit aHoMaIbHbINA
CBEPXTOK, MPOTEKAIOIIUI IPU HYJIEBON PA3HOCTH (a3 MEexK Iy
JIByMsI CBEPXIPOBOJSIIMMHI BbIBOJAMU, NEPECTPANBAETCS
MAarHuTHBIM nojieM. [1oJist B cBepXIpOBOTHUKE M B KOHTAKT-
HOI 00JiacTH, AArollue BKJIAZ B CBEPXTOK, "d4yBCTBYIOT"
CHHUPAJILHYIO IPUPOIY KPAEBBIX COCTOSIHUI B COOTBETCTBYIO-
X YaCTSIX CUCTEMbI. AHAJM3UPYs BKJIAIAbl OOOMX Kpaés,
TpebyeMoe HampaBjieHHEe MArHUTHOTO TOJIs, a TakXe cTa-
OmIIbHOCTH 3 deKTa OTHOCUTEILHO KOHEYHOIO XUMUYe-
CKOTO MOTEHNHANA ¥ PAa30PUEHTAMN MATHUTHOTO MOJS U
OCH CIMHOBOTO KBaHTOBaHUS, JlojicuHU ¢ coaBTOpamu [25]
MPEIIIOKUIA METOJIBI 3KCIEPUMEHTATILHOTO HAOJFOCHUS
addekTa, UCOIb3YsI THOPUIHBIE CTPYKTYPBI HA OCHOBE J0-
crynabix peaymm3amuii QSHI. Beuno ompeneneno TOC kak
(yHKIMS BHELTHETO MArHUTHOTO TOJISI U JJIMHBI KOHTAKTA.
Oxupaercs, uto AJE OyaeT sipko BeIpaKEHHBIM B IEPEX0/1aX
Ha OCHOBE HAHONPOBOJIOK C CHJIBHBIM CIHUH-OPOUTAILHBIM
B3auMmoeiicTereM [160, 161], HaxoasIuXcst B TOMOJIOTHYE-
CKOM PEXHME.

4.3. ¢,-nepexon,
KOHTPOJIMPYeMblil HHKeKIHeil KBa3u4acTHI
CBsI3b JJIEKTPHUYECKOTO 3apsia M CHUHOBOW MOJISIPU3AIUN
MPU PABHOBECHOM M HEPABHOBECHOM 3JICKTPHYECKOM TPaHC-
MOPTE Yepe3 ABYMEPHBIH 15K03e(COHOBCKUI IEPEXO T, COLEP-
KAl HeYNOpsIOYeHHbIE MOBEPXHOCTHBIE KaHAJBI TPEX-
MEPHOTO TOMOJOTHYECKOT0 H30JISITOPA, MOXKET CIYXHTh
ocHOBO# miist Bo3HukHOBeHUs1 AJE [40]. B atom ciyuae B
paBHOBecuu 3ddext DaenbiuTeitna sBiseTcs O0oJiee BbIpa-
JKEHHBIM, 4eM B 00bIYHOM MaTepualie ¢ SO-CBS3bIO.
Wcnonb3yst kBa3ukjgaccuueckyro TexHuky Kemgsiia,
Bob6koBa ¢ coaBTropamu [40] mpoaeMoHCTpupoBaan obOpa-
30BaHHUE (,-TIEPEX0/1a, BOSHUKAIOIIETO B pe3yIbTaTe MOMIY-
JISIUY KBa3WYACTUIHON WHXKEKIIMU B MEPEXOJ, CXeMa KOTO-
poro mpencrasiieHa Ha puc. 28. OCHOBHOE COCTOSIHHE CHC-
TEMBI COOTBETCTBYET HYJIIO CBEPXIIPOBOISIIEIO TOKA, PeasIt-
3yeMOro IpH HeHyJieBoii pasHoctu Bas: ¢ = ¢, = —4dih/a.
AHOMaJIbHBIA (PA30BBINA CIBUT MPOMOPIMOHATICH PA3HOCTU
HANPSDKEHUN V MeX]1y CBEpXIPOBOJHIUKAMHA U HOPMAJIbHBIM
WHXEKTOPHBIM 3JIEKTPOJIOM, OTIPEIEIISIONIEH CKOPOCTh UH-
KEKLUN KBa3UYACTHUL, YTO MO3BOJISET BKJIFOYATH U BBIKJIIO-
4aTh @-cocTostHue JIIT sKcriepuMeHTaIbHO, KOHTPOIUPYS
BIIPBICK MIOTOKA KBA3WYACTHII.

4.4. Pacimensienue JIErkoii ocn peppoMarneTnka

B 1K03e()COHOBCKOM @, -Tiepexoe
CBEPXNPOBOIHHK [ peppoMarueTHK /CBepXNPOBOTHHK

HA NOBEPXHOCTH TPEXMEPHOI'0 TONOJIOIHYECKOro H30/TOpa
CunpbHasi 3aBUCHMOCTH 1)KO3€(DCOHOBCKON 2HEPTHH OT
OpHEHTAI HAMAarHMYEHHOCTH B J1KO3e(COHOBCKUX Tepe-
XoJax ¢ eppoMarHUTHBIMEH NpocyioiikamMu U SO-CBS3BIO
OTKPBIBACT HOBBIE BOBMOYKHOCTH YIPABJICHHUS HAMAarHAYCH-
HOCTBIO (peppOMATHETHKA CBEPXIIPOBOISIIUM TOKOM (JIXKO-
3edconoBckoil (azoit). Takas 3aBUCMMOCTL BO3HHMKAET B
mxo3edconoBckux SFS-mepexomax Ha MOBEPXHOCTH TPEX-
MEPHOTO TOIOJIOTHIECKOT O H30JISITOPa, COAEPKAIIETO AUPa-
KOBCKHE KBa3UYACTHUIIBI.

JupakoBCcKye KBAa3UYACTHLBI IEMOHCTPUPYIOT IMOJHYIO
cuaxponu3amuio (locking) cnmHa ¥ UMIYJIbCA: CIIMH 3JICK-
TPOHA BCETJA COCTABJIISIET MPSIMON YTOJ CO CBOUM HUMITYJIb-
COM, YTO MPHUBOJUT K BBIpaxkeHHOU 3aBucuMoctu TOC ot

|
- d/2
d/2 i /
Puc. 28. Cxema k03e(pCOHOBCKOTO MEPEX0/1a C TOMOJIOT HUECKUM U30JIsI-

TOPOM JUJIsl CO3JAHHUS (p)-IIEPEX0/a MOCPEACTBOM MHXKCKIMU KBa3MYa-
cruil. (U3 pa6otsl [40].)

Puc. 29. Cxema ommceiBaeMoii cucteMsl S/(F/TI)/S. (U3 paboTsl [162].)

HaTpaBJeHus HaMarHnaeHHoctu [16, 155, 163]. B nacrosiee
BpEMS IOCTHTHYT OOJIBIIION MPOTpece B IKCIIEPUMEHTAIBHOMN
peaymzarmu TuOpuaHbIX cTpykTyp F/TI. B wactaocTu, st
BBeZieHusl peppomaruuTHoro nopsinka B T1 ObU10 HCHOJIB-
30BaHO JIETUPOBAHHE 3JIEMEHTAMH NEPEXOIHBIX METAJIJIOB,
Hanpumep Cr uiu V. [Ipyroii ciocod BBeneHus: peppomar-
HUTHOTO nopsiika B T1, KOTOPBIi OBLI YCIEITHO peaiu30BaH
9KCIEPUMEHTAJIbHO, OCHOBAH Ha CBsi3W HeMarHutHoro TI ¢
MAarHUTHBIM U30JISTOPOM C BbICOKOM T 111 CO3JJaHUS CHJIb-
HOTO OOMEHHOI'0 B3aUMOJEWCTBUSI B NOBEPXHOCTHBIX CO-
CTOsIHUSX uepe3 apdekT 6m3ocTu. Takasi CTpyKTypa Ucce-
noBaiack B pabore Harmaat u mip. [162], re 6pu10 oka3zaHo,
4TO cABHT (pa3sl aHOMAJIILHOTO OCHOBHOTO COCTOSIHHS (0(-
Mepexo/ia Ha MOBEPXHOCTU TPEXMEPHOTO TOIOJIOTHYECKOTO
uzosaropa (3D TI) mponopruoHajaeH KOMIIOHEHTE HamMar-
HUYEHHOCTH B IUIOCKOCTH, NEPHEHAMKYJISIPHON Hampablie-
HUIO CBEpPXIpOBoOsiiero Toka [16, 163]. AHOMaIbHBIN CABUT
(ba3el BHI3BIBACT MPENECCHIO HAMATHUYCHHOCTH aHAJIOTUYHO
CJIy4aro CHUCTEMBI CO CIUH-OpOUTAIBHON cBsi3br0. OmHAKO
JUI paccCMaTpUBaeMON CHUCTEMbl aOCOIOTHOE 3HAYEHHE
KPUTHYECKOTO TOKA CHJILHO 3aBUCUT OT OpHEHTALMKM HaMar-
HUYCHHOCTH, & IMEHHO OT COCTABJISIIOIIEH HamMarHMYeHHO-
CTH B IUIOCKOCTH BJIOJIb HATIPABJIEHHsI TOKA. JlaHHAS 3aBUCH-
MOCTb B PEXUME C 3aJJaHHBIM HATIPS)KEHUEM MOXKET IPHUBO-
IUTh K paCHICIUIEHUIO JIETKOW ocHu (eppoMarHeTuka u
cTabuIM3anuy 4eThIPEXKPATHO BBIPOXKIECHHOTO (eppomar-
HUTHOTO COCTOSIHUSI, KOTOPOE PE3KO KOHTPACTHPYET C OOBIU-
HBIM JBYKPATHO BBIPOKICHHBIM (hepPOMATrHUTHBIM COCTOSI-
HUEM JIETKOU OCH.

Ha pucynke 29 mpeacraBjieHa cxemMa OINHUCHIBAEMOW
CHUCTEMBI, B KOTOPO /1Ba OOBIYHBIX S-BOJIHOBBIX CBEPXIIPO-
BOJIHMKA U (PeppOMATHETUK, HAHECEHHBIM HA TOBEPXHOCTH
3D TI, ob6pasyror AII. IMpoueaypa pacuéra 3akiaroyaeTcs B
Beruuciieann TOC Ha ocHoBe popMann3Ma KBa3HKIACCHYE-
ckux ¢yaknuit ['puna. s ciaydasi ¢ 3aJaHHBIM HampsDKe-
HUEM DJIEKTPUYECKUN TOK 4epe3 Hepexo]l COCTOUT M3 JIBYX
qacTeil: KO3e(COHOBCKOTO TOKa js M HOPMAJIBHOTO jy.
J>x03e(hcOHOBCKUI TOK CBSI3aH C HAJIMYUEM HEHYJICBBIX aHO-
MaJibHBIX (yHKIMIA [puHA B MPOCIIOWKE M MPOSIBISETCS B
paBHOBecuu. B pexxnme HM3KOro MPHJIOKEHHOT'O HaIpsiKe-
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Husi eV /(kgT,) < 1 oTkI0HEHHE HYHKIIMU PACTIPEIETICHUS OT
pPaBHOBECHsI SIBJISIETCS CIA0BIM M MOXKET ObITh HPOHUTHO-
PHPOBAHO MPH BBIYUCIIEHUH J1KO3e(DCOHOBCKOTO TOKA. B pe-
3yJIbTATE MOJIYyYAEeTCs CIACAYIOIEee KOHEYHOE BBIPAXKECHUE JIJISI
JOKO3e(h)COHOBCKOTO TOKA:

js :jc sin (90 - @0) s (49)

/2 A2
jc:evFNFTZJ do cos¢>—2><

£, >0~ /2 &
2¢e,d 2h,.dt:

X exp (787> cos (7‘1@) , (50)
VE COS ¢ VR

2h,d
P =——, (51)
UF

rae ¢, = nT(2n+ 1). Tlpu BeicOKHX TeMmmepaTtypax, T =~
~ T, > A, OCHOBHOM BKJaJ B TOK BHOCHUT caMasl HU3Kas
MaiybapoBckas 4acToTa, U BeipaxkeHue (50) ymporaercs:

N e 2nTd 2hydtan ¢
]c:]bJ 2d¢ cosqbexp(fUFCOSqS)cos( - ),

—n/
(52)

e j, = evpNgA*/(n*T'). Tlono6HOE BHIpakeHHe Oy I
JUTSL TUpakoBckux MatepuasioB Jluumep u np. [164]. Hop-
MaJIbHBI TOK OOYCJIOBJIEH OTKJIOHEHHEM (DYHKIMH pacrpe-
neseHuss oT paBHoBecusi. OgHAKO U1l paccMaTpuBaeMoi
CHCTEMBI, B IPEIIOJIOKEHUH, YTO (PepPOMArHETUK SIBJISIETCS
METAJJINYECKUM, TPAKTUYECKH BECh HOPMAJIbHBIA TOK IPO-
TekaeT 4yepe3 (eppoOMarHeTHK, MOCKOJBbKY B peaIbHBIX
9KCHEPUMEHTAJIbHBIX yCTaHOBKax conportusienue T1 momxk-
HO OBITH MHOTO OOJIbIIIE COTPOTUBIICHUS (PeppOMarHETHKA.
Uro kacaercst H1x03e(COHOBCKOTO TOKA, TO OH CHJILHO
MOJaBJIEH BHYTpHU (EPPOMATHUTHOTO CJIOSI, MOCKOJBKY
00MEHHOE 110JIe TaM OOBIYHO MHOTO 0OJIbINE HHIYIIPOBAH-
HOTO OoOMeHHOTO moJst her B moBepxHocTHOM ciioe TI.
CriegoBaTesIbHO, TOK IPOTEKAET 4epe3 MOBEPXHOCTHBIE CO-
crosnus TI.

JnHaMyka HaMarHUYEeHHOCTH (heppOMarHeTHKa OMHUCHI-
BaeTcsl B paMkax ypaBHenus JIJIT'. DjekTpuyueckuii TOK,
MPOTEKAIOIINI Yepe3 MOBepXHOCTHbIE cocTosiHUs T1, BBI3BI-
BaeT CNUH-OPOUTANBHBIA Bparmaromuii MomMeHT [165—168]
U3-3a HAJIMYMSI CUJIBHOM CBSI3M MEX]Y KBa3U4aCTHUYHBIM
CHMHOM U UMIYJbcOM. B mpunnumne, ecim ¢peppomMarieTusm
u SO-CBsI3b TPOCTPAHCTBEHHO COCYIIIECTBYIOT, TO 3TOT Bpa-
AU MOMEHT OHIpPENEISeTCS CYMMApPHBIM 3JIEKTpHUYe-
CKHM TOKOM, IPOTEKAIOIINM uepe3 cuctemy. OHaKo B pac-
CMaTpPUBAEMOM CJIy4ae TOJIBKO CBEPXIPOBOISIINN TOK PO-
TEKaeT 4Yepe3 MOBEPXHOCTHbIE cocTosiHus TI, roe umeer
MECTO CHMH-MMIYJIbCHAsI CHHXpoHu3aus. CieqoBaTesIbHO,
TOJBKO ATOT CBEPXIMPOBOISIIUNA TOK CO3AAET BPAIATOIIIHI
MOMEHT, JIeHCTBYIOLIUI Ha HaMarHu4eHHOCTh. HopmasbHbIi
TOK MPOTEKAET Yepe3 OAHOPOIHBINA (heppOMArHeTHK, B KOTO-
POM HET CIUH-OPOUTATILHOH CBSI3HU.

Bpamaronuit MOMEHT, BBI3BAHHBIM CBEPXIPOBOISIIIIUM
TOKOM, MOXET OBITh YYTEH KaK JOMOJHUTEIbHBIN BKJIa] B
3¢ dEeKTUBHOE M0JIe, KOTOPOE UMEET BH/T

H, eff, x

n/2 g ) )
o= F“n/z exp ( - m) sin ¢ sin (rm, tan ¢ ) dgp | x

x [1—cos (Qyt — rmy)] (53)
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T
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Puc. 30. (B uBere onnaiin.) JuHaMuka HaMarHUYCHHOCTH NPU pa3JIny-
HBIX HAYAJbHBIX YCIOBUSX, YKA3aHHBIX HA PHCYHKE, IEMOHCTPUPYIOIIAst
Nepexoapl B CTAOMIIbHBIC COCTOSIHUSI TOJ IeiCTBHEM mryma. YeTsipe
YACTH PUCYHKA TOKA3BIBAIOT MEPEXO/T K YETHIPEM BO3MOKHBIM CTAOMITb-
HBIM COCTOSIHUSIM Tipu Oombimx f. I' = 1,57, r = 0,5, d=03, a=001,
Qr/Qy = 0,2, Bpemsi U3MepsIeTCSl B €MHALIAX 0OpaTHON KO3e()COHOB-
CKOM 4aCTOTBI QJ’I. (U3 pabotsr [162].)

Hefr J"ﬂ d
Sy _r — ot d
e { o exp cos cos ¢ cos (rmytan ¢ ) de | x

x sin (Qst — rmy, ) + my, (54)

Hey, -

=0, (55)
riae m = M/ M, d= 2nTd/vp — nmmmua AT, I = @ jpSr/
/21K VF IpONOpIUOHATIEHO OTHOLICHUIO 1K03e(pCOHOBCKOI
U MarHUTHOM 3Hepruit, r = 2dheg/vp, Qy = 2eV — mxozed-
coHOBCKast yactota, Hp = Qg /y = K/ M.

Ha pucynxe 30 moka3ana 3BOJIFOIIUS HAMArHUYEHHOCTH
m, MOJIyYEHHAsI HA OCHOBE YUCJIEHHOT'O PEIlIeHUs] YpaBHEHUS
JUIT'. BungHo, 4TO mpU pa3UYHBIX HAYAIBHBIX YCIOBHSIX
CHCTEMa TEPEXOIUT B YEThIPE PA3JIUYHBIX CTAOUIIBHBIX CO-
CTOSIHUS: JIBA COCTOSIHHSI C TIOJIOKUTEIHHOW KOMIIOHEHTOM
m, 1 £m, (IOKa3aHO HA PHC. & U B), & TAKXKE JBA COCTOSHUSA C
+m, 1 OTpULATEILHOM KOMIIOHEHTOH /m,, (pHcC. 6, T).

CucremMa MOXeET NEPEXOIUTb B 3TU COCTOSIHUSI CaMO-
MPOU3BOJILHO MO BIMSIHUAEM IIIyMa, JEHCTBYIOLIETO HA CO-
crosinust ¢ +m,. Pe3ympTaTel mpeacraBiieHbl Ha puc. 31,
JIEMOHCTPUPYIOIIEM BCE YEThIPE BO3MOYKHBIX KOHEYHBIX CO-
CTOSIHUSL.

AHaOrNYHBINA MOAX0A K U3YYEHUIO AMHAMUKYA HAMarHu-
YEHHOCTH B CMEILUEHHBIX MO HANPSDKEHHIO IEPEeXolax Yke
npUMeHsIcs K cucteMaM ¢ SO-CBSI3bIO B TPOMEXKYTOYHOM
cioe [7, 96]. KauecTBeHHOE OTJIMYME CHCTEMBI Ha OCHOBE
MOBEPXHOCTHBIX cocTosiHU T1 oT 3tmx paboT cocTout B
TOM, YTO B PaccMaTpUBACMOM CIIydae KPUTHUYECKUN TOK
JIEMOHCTPUPYET CHJIbHYIO 3aBUCHUMOCTb OT X-KOMIIOHEHTBI
HAMarHUYeHHOCTH. PaHee OH cumMTascs HE 3aBHCSALIMM OT
HANPaBJICHUS HAMATHUYEHHOCTH. DTa 3aBUCHMOCTH MPHUBO-
JUT K HEHYJICBOMY 3HAUYCHUIO Hefy,y ~ M1, TPH MaJIbIX 3Ha-
4eHUusIX m,. [locnenHee o3Ha4aeT, YTo JIETKasi OCb  MOXET
CTaThb HECTAOMWJIbHON B HANPSDKEHHOM MJIM TOKOBOM IIEpe-
X0lle, B TO BpeMsl KaK 3Ta OChb Bcerga crabuibHa, eciu
KPUTUYECKUH TOK HE 3aBHCUT OT HAINPABJICHUS HAMATHUYECH-
HocTH. Bosee Toro, /ISl CHCTEMBI HET Pa3HUIBI MEXTY 771, -
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Puc. 31. (B usere oniaiin.) JluHaMuKa HAMarHMYEHHOCTH HAavuHAs C
HeCTaOWJILHOTO COCTOsIHMS my =m, =0 u m. =1 npu yuére 1myma.
UeThbIpe YacTU PUCYHKA JEMOHCTPUPYIOT NMEPEXO] K YETHIPEM BO3MOXK-
HBIM CTaOMJIBHBIM COCTOSIHUSIM ITpH OoutbIuX f. [TapaMeTpsl Te ke, 4TO 1
Ha puc. 30. (13 pabotsI [162].)

KOMITOHEHTAMHU HAMATHUYEHHOCTU. DTO MPUBOIUT K 3aMe-
qaTeJIbHOMY (aKTy, YTO B YIPABIISIEMOM CUCTEME JIETKAs OCh
HE TIepEOPUEHTUPYETCS, COXPAHSIs IBA CTAOUIIbHBIX HAIIPAB-
JICHUSI HAMATHUYEHHOCTH, KaK 3TO Y€ OBLIO TMOJIyYeHO
paHee, a pacuIerUIsieTcs, JEMOHCTPUPYS YeThIpe yCTONUU-
BBIX HATIPABJICHUSI HAMATr HIYEHHOCTH.

5. Anomagbnblii 3¢¢pext /A:x03edpcona
B cHCTeMe I:K03e()COHOBCKHIl mepexo;1/HAaHOMATHUT

@(-TIepexo] TakXkKe MOXKEeT BO3HHKATh B CHCTeMe xo3edco-
HOBCKHi nepexon/manoMaraut (JT1/HM), npencraBiieHHOR
Ha puc. 32, 3a CYET YUCTO JIEKTPOMATHUTHOTO B3aUMO/IEH-
CTBUS MEXY TYHHEJIbHBIM TOKOM IEepexXo/ia U MarHUTHBIM
MOMEHTOM HAaHOMAarHUTa, PACIOJIOKEHHBIX B HEMOCPE.-
CcTBeHHO# Osm3octu aApyr oT apyra [100]. [Tpu 3ToM Maraut-
HOE T0JIe HAHOMAarHuTa M3MEHSIET TYHHEJIbHBI TOK uepe3
Iepexo/1, TOT1a Kak MarHUTHOE 1oJie, renepupyemoe B 11,
BO3JIEHICTBYET HA MATHUTHBI MOMEHT HAHOMATHHTA.

Oco0OeHHOCTb CUCTEMBI IPOSIBJISIETCSI B BBIOOPE T€OMET-
PUM CTPYKTYPBI, XapakTepe B3aUMOACHCTBUS M KOHEYHOM
CONPOTHUBJICHUM TEPexXoaa B HOPMAJIBLHOM COCTOSIHHHU, KO-
Topoe yuuthiBaeTcsi B pamkax RSJ-monenu [82]. Ilputsra-
TEJILHOCTb MOJIEJIH C YUCTO JIEKTPOMATHUTHBIM B3aUMO/IeH-
CTBUEM 3aKJIFOYAETCS] B OTCYTCTBUU HEM3BECTHBIX MapaMeT-
POB, YTO INOJKHO OBITH CYIIECTBEHHBIM ISl €€ 9KCIEPUMEH-
TaJIbHOTO UCCIIEOBAHMSL.

5.1. CpoiicTBa cucTembl

JK03e(COHOBCKHII mepexo/I/HaHOMarHuT

B pamMkax 1aHHOH CTPYKTYyphl IpeAIoaracTcst HabIroJeHue
psina xapakTepHbix siByieHuit [100], B 4aCTHOCTH, BOSHUKHO-
Benue Ha BAX JIIT "wanuponomoOubix" cTyneHei, co3na-
BaeMbIx npeneccueit HM, nepeBopoT MaraHuTHOro MOMEHTa
npu npuioxennu kK JI1 HanmpskeHUs, N3MEHSIOIIET0csl BO
BPEMEHHU, a TaKkKe OCIULIIINK Pabu KBAaHTOBOTO CIMHA,
WHyIMPOBAHHBIE MPUJIOKEHHBIM MOCTOSIHHBIM HaTpsIkKe-
nueM. MatencuBHocts B3aumopeiictsust HM c I onpene-
JiseTcst napamMeTpoM € = Ejy/ Eg, ONUCHIBAIOIIMM OTHOIIICHUE
JK03e(PCOHOBCKON SHEPTMM K MATrHUTHOW, KOTOPBIA MO

Vch) X Is

Puc. 32. MiumrocTpanust paccMaTpuBaeMoil CHCTEMBbI ¢ 9KBHBAJICHTHON
CXEMOI JIeKTpUIecKoi nenu. HaHOMAarHuT pacrosiokeH Ha PpacCTOSTHUN
a OT 1eHTpa c1aboit cBsA3M xo3edcoHoBCKOro nepexoaa. (M3 paboTsl
[169].)

HOPSIIKY BEJIMYMHBI MPEACTABIISIET cOOON OTHOIIEHHE Mar-
HUTHOTO TIOJISl, TEHEPUPYEMOTO TYHHEJIBHBIM TOKOM, K (-
(bexkTUBHOMY TOJIO Befr, MEHCTBYIOIIEMY HA MAaTHUTHBIN
MOMEHT M3-32 MarHUTHON aHU30TPONHMH U MPHUIOXKEHHOTO
BHeIHero 1moJist. OLEHKH MOKa3bIBAIOT, YTO BO3MOXHOCTH
HaGI0AaTh MepBylo cTymeHnKy Illamupo mpu Vy =1 (a
Takxke nUK npu Vo = 0,5 u3-3a HEJIMHEHHOCTH) BBITJISIUT
BrnosHe peanuctuuHo [100]. Ilpu 3ToM mumpunHa nepBoi
CTYNEHBbKN YMEHBIIAETCS JIMHEHHO C YMEHBIICHUEM ¢, IIH-
pUHA BTOPOil FapMOHHUKH V) = 2 IPOHOPIHOHAJILHA €2 H TAK
JaJee.

3ameyaTeIbHOE CBOMCTBO CUCTEMBI 3AKJIFOYAETCSI B TOM,
4TO, HECMOTPS Ha CIabOCTh MOJIsl, TEHEPUPYEMOTO TyHHEIb-
HBIM TOKOM, TPH OIpPEAeICHHON BPEMEHHON 3aBUCHMOCTH
MPIJIOKEHHOTO HATPSDKEHUST MOKET BO3HHUKATH d(PQPEeKTHB-
Hasl HAaKayKa CIIUHOBBIX BO30YK/IEHUI B HAHOMATHUT U Tie-
pPEBOPOT €ro MarHUTHOro Momenta. IlepeBopoT peanu3y-
€TCsl IPU YCIIOBHUH € > o, TIPYU ITOM PEaJUCTUYHBIM 3Haye-
HHEM MapameTpa 3aTyxaHus sBisercs BemmumHa o = 0,01
[170]. ITapameTp € ompenensieT KOJUYECTBO IUKJIOB B IIpe-
[IECCUU MAarHUTHOTO MOMEHTA, IPUBOJISIINX K TIEPEBOPOTY,
KOTOpOE MponopuuoHaisHo 1/¢. st € = 0,05 HeoGxomumoe
BpeMsl Ui MepeBOopoTa OJIM3KO K 103w;1, 4TO NPU g ~
~ 10" ¢=! coctaBmser ~ 10 HC. Menblee ¢ moTpebyeT
0oJjiee MEJJICHHON 3aBUCUMOCTH HAMpsDKEHHUs Vy OT Bpe-
MEHH, YTO HE SIBJISIETCS MPOOJIEMON JJIs1 peaii3aluu TAKOTro
skcnepumMenta [100]. OgHako MeHbIIAs BEJIMYMHA € TIOTpe-
OyeT MeHblIEeH NuCCHUIalMu M3-3a ycjaoBus ¢ > o. Kpome
TOTO, YeM MEHBIIIC €, TeM 0oJiee YyBCTBUTEIbHA BPEMEHHAS
9BOJIFOLIUSI MATHAUTHOTO MOMEHTA K BPEMEHHOH 3aBUCHMO-
cTH HanpshkeHns. HeGoubImoe n3aMeHeHne B 9TO 3aBUCUMO-
CTHU SIBJISIETCSI JOCTATOYHBIM JJISI TOTO, YTOOBI IOCJIE mepe-
BOpPOTAa BEPHYTHCSl B UCXOJHOE cocTosiHne. Huxke npuBenéx
IpUMep MCCIEAOBAHMS IEPEBOPOTA MATHUTHOTO MOMEHTA B
JIAHHOM CHUCTEME.

Ocrmunsiun Pabu xBanTOBOTO crimHa B cucteme [I1/
HM, nnnynupoBaHHbIE IPUTOKEHHBIM OCTOSHHBIM HaIIPsi-
JKEHHUEM, OTIPECIISIFOTCS HE TAPaMETPOM €, & COOTHOIIIEHHEM
36eMaHOBCKOI'0 B3aWMOJCUCTBHS CIIMHA C MOJIEM TYHHEJIb-
HOT'O TOKa U TyHHeJIbHOTO paciueruienus 4 [100]. Onu cuiibHO
3aBHCST OT MPUJIOKECHHOTO HamnpspkeHus. HanbonbImmii 3¢-
(exT BO3HHMKaeT mpH V), YAOBJIETBOPSIONIEM OTHOMY H3
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PE30HAHCHBIX YCIoBuii eVy = (m/n)4, roe m u n — 1enbie
upcna. [Ipn TaKOM Pe30HAHCHOM IIOBEICHHH BEPOSITHOCTD
Haiity cuH B cocrosuun "Beepx" niam "Buu3" cuibHO OTIIHM-
YAETCs OT HEPE3OHAHCHOTO CIIydast, YTO YKa3bIBAET Ha TIPUH-
[UTAAGHYI0 BO3MOXHOCTh 3JIEKTPOMATHATHOTO YIIpaBJie-
Hus kyoutom JATT/HM nocpeacTBoM NpHIIOKEHHOTO HATIPSI-
KCHHSI.

Mogens AIT/HM Obuta paccMoTpena B pabdote [100].
Passocts Ga3 ¢ = ¢, + ¢, ONUpemenseTCs TPHIOKCHHBIM
HanpspkeHueM Vo (1) (dego/dr = 2eV(r)/h) u HanpspxeHueM
V4=(h/2e)(dep ,/dt), KOTOpOE €CTh MEKTPOABIKYILIAS CHIIA,
HaBeIEHHAS B MEPEXOJE 3aBHCSLIMM OT BPEMEHH MATHHT-
HBIM TIOJIEM, CO3[aBAeMbIM BPAILAFOIIMMCS MArHUTHBIM
MOMEHTOM HAHOMATHHUTA. BEeKTOPHBIN MOTEHINAN OMpe/e-
JsieTcst cyMMoil A = Ag + Ay BEKTOPHOTO MOTEHIIHAIA
BHeIIHero noJist Ag = 1/2(B X r) ¥ BEeKTOPHOTO MOTEHIHAIA
Ay = (1tp/4m)(M X 1) /r3, co31aBAEMOr0 MArHUTHBIM MOJIEM
HaHomarHuta. I[TpousBounas d¢/ds nponopunonanbHa noJ-
HOMY MaICHUIO HATIPSDKCHUSI Yepe3 MEePeXOI:

@_LV(’)_JQ

o h dr E(r, 7). (56)

3nece E — anexTpuueckoe 1moJie, MHTErPUPOBAHUE MPOBO-
JIUTCSI OT OJTHOTO KOHIIA CJIabO0H CBSI3U 10 JPYroro.

Taxkum oOpaszom, B cucteme HAII/HM cneur ¢aser B
BBIPQKEHHH JIJIS CBEPXITPOBOJISIIETO TOKA

I=1Isin (@ + ¢,4) (57)

BO3HHUKAET 3a CYET y4€Ta MArHUTHOTO TOJISl, CO3/1aBAEMOTO
BPAIAOIIIMCS MATHATHBIM MOMEHTOM HAHOMATHUTA.

JlvHaMuka MarHUTHOTO MOMEHTa OIPEIesIsIeTCs] ypaB-
HenuneMm JIJIT:

oM

a (58)

o
= VgM X Beff - _M |Vg|M X (M X Beff)7
0
rae "/E — F’MPOMArdHuTHOC OTHOLICHUC IJId M, o — I‘I/IJIL6ep-
TOBCKO€ 3aTyXaHUE,

2

oK . 0
Ber = By _m'i‘lc sm @ WJ dr AM(l', l‘)

1

— a(pdekTuBHOE MOJIE, meicTByromee Ha M. TlocriemqHuit
4YJIeH B 3TOM BBIPAXEHHUU PABEH MArHUTHOMY oo By,
CO3/1aBa€MOMY TYHHEJIBHBIM TOKOM [ = I sin ¢ B MecTe
pAaCIOJIOKEHUSI HAHOMATHHTA.

B mopmupoBannbix enuannax ypasuenue JIJIT' mpunu-
MaeT BUJI

dmx _ QF
dr 14+ m2a?

[hy(m: — amym,) —

hz(omym; + my,) + ochx(mf + m:z)] ,

dm, QF
ar T mrar L oy ) &

+ h.(my — amym;) + cxhy(mf + m_,z)} ,

dm. .QF

— X
dt 1+ m?a? + Qpock(m? + m}?)

x {ae [sin (Vi — km.) + V](m] +m}) —

— hy(my + amym.) + hy(m, — ocm,mz)} ,

rae m; = M;/ My — HOpMHPOBaHHAsI KOMIIOHCHTA MarHUT-
HOro MoMeHTa, M, — MarHUTHBIA MOMEHT HACHIIICHUS,
Qr = wp/®W. — HOPMHUPOBaHHAs 4acToTa (heppOMarHUT-
HOT'O pe3oHaHca, w, = 2eRI;/h, I, — KpUTHYECKHI TOK,

K 2 ugMsl i
= a=|rm
) b
Dy a2+ a?
&) — KBAHT MATHUTHOTO IOTOKa, M — abCOJIIOTHOE

3Ha4YeHWe MarHUTHOI'O MOMEHTa, ¢ — HapameTp THiIboep-
TOBCKOT'O 3aTyXaHHs. 371eCh BPeMsl / HOPMHPOBAHO HA o !,
HanpspkeHue V. HopMupoBaHo Ha fiw./(2¢). KoMmoHeHTHI
3(pPeKTUBHOrO MAarHUTHOTO MOJIS /; B HOPMHPOBAHHBIX

BEJIMUMHAX OIpenestoTcs Boipaxenusmu [100]

hy = Oa
(60)

hy =m,,

dm.
h. = ¢elsin (Vi —km.) + V| —ck ——
s =¢lsin (Vi —km.)+ V] —¢ a

rie € = Gk, G = ¢j/Kynv, v — 00bEM HaHOMATHUTA, Ky —
MOCTOSIHHASI MarHUTHOW aHu3oTponuu. KomMmoHeHTHI 3¢-
(eKTUBHOTO MATHUTHOTO TOJSI HOPMHUPOBaHBI Ha Hp =
= wF /7, Ypasuenus (59), (60) COBMECTHO ¢ ypaBHEHUSIMH
RSJ-Monenn cocTaBstoT OCHOBY JJIS1 MCCJIEIOBAHUS TUHA-
MUKH U BOJIbT-aMIIEPHBIX XapakTepucTuk cuctemsl JJIT/HM.

5.2. ®eppoMarHuTHbI pe30HAHC

B CHCTeMe /1:K03e(COHOBCKHII MepPeXo/1/HAHOMATHUT
Jx03e()cOHOBCKME OCHUJUISIMU B TIEPEXOJle BO3OYKIAIOT
MPENEeCCUI0 MAarHUTHOTO MOMEHTAa HAHOMArHuTa, YTO MpH-
BoauT k ®MP, korma vyactoTra Hmpeneccud CTAHOBUTCS
paBHOI COOCTBEHHOW 4acTOTE MAarHUTHOW cuctemMbl Qp. B
paborte [169] nis onucaHus pe3oHAHCA CUCTEMa ypaBHEHUU
(59) pemanace metonom [Naycca—Jlexanmapa, B pe3yiabTaTe
Yero OMNpPEeSUTNCh BpEMEHHBIE 3aBUCHMOCTA KOMIIOHEHT
MarHUTHOTO MOMEHTAa, & TaKXe pPACCUMTHIBAIACH MAKCH-
MaJIbHasl aMIUIMTYAa OCUMJUISIIUNA KOMIIOHEHT MarHUTHOTO
MOMEHTa BO BPEMEHHOM JIOMEHE Uil KaXIOTO 3aJaHHOTO
3HAYCHUS] HATIPSDKCHUSI.

Ha pucynke 33a mpezacraBiieHbI pe3yJibTaTbl pacuéra
MaKCHMAJIbHOH aMIUIMTYABI ocumiutsuuit m™* xak ¢(yHK-
uuu Hanpspkenus V aa I npu Qp = 0,5 1 AByX 3HAYCHUSIX
napametpa 3atyxanus o = 0,001 u 0,3. B BeiOpanHoOl HOP-
MHPOBKe V' = Qj, MO3TOMY IPH HAIPSDKEHUH, COOTBETCTBYIO-
IIEM YacTOTe JKO3e(COHOBCKMX ociuuisiimii Q5 = 0,5, Ha-
6monaercss muk ®MP. g m** pesyabTaT KauyeCTBEHHO
OJMHAKOB. YBEJIMUEHNE 3aTyXaHUs B CUCTEME NPUBOIUT K
YBEJIMUYCHUIO IIMPHHBI PE30HAHCA M €r0 CIBUTY B CTOPOHY
MEHBIIUX YaCTOT, YTO U Moka3aHo Ha puc. 33a npu o = 0,3.
[ToJtokeHNsI MUKOB NMPU MAaJIBIX 3aTYyXaHHUSIX XOPOIIO COTJIA-
CYIOTCSI CO 3HAUEHHMSIMU YaCTOT, CJECIYIOIIMMH U3 aHAJIUTH-
4ecKuX (opMyJI, MOJIYYEHHBIX HA OCHOBAHUM JIMHEAPU3ALIUU
ypaBHeHui JIJII" [169]. B uwacTHOCTH, eciiu OTKJIOHEHHE
MAarHuTHOTO MOMEHTa OT PaBHOBECHOT'O HANPABJICHUS U3-
3a B3aUMOJICHCTBHUS C JK03e(COHOBCKMM TOKOM MaJo, T.€.
G <1 u km, <1, TO pe30HAHCHAS] YaCTOTA OTPEICIACTCS
BBIPAKCHHEM

—ay +\/a} — 4a
— O, (61)

2a1

Qres =
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G=03k=001 a
mpa mmax
03 0,001 -1 0,008
0,004
max
m? 6
06 L k=0010=01 me
0,008
0,004

0 0,4 0,8 4

Puc. 33. (a) IlposBnenne ®MP na 3aBucumoctu m™*(V). Umcna
YKa3bIBAIOT BEJIMYUHY THJILOCPTOBCKOTO 3aryxaHus o. (0) BimsHue
OTHOILEHHS PK03e()COHOBCKOU 3HEPrHM K SHEprHd HaHOMaruuta G Ha
mupudy @MP. Yucna ykaseiBarot Besimunny G. (U3 pabotsl [169].)

rue
a; = (a* + akeQp +1)?,
a = 20> —I—szécz + 20kQpe — 2.

Tax, npu G = 0,3,k = 0,01 u Q¢ = 0,5 qust o = 0,001 pe-
30HAHCHAS YacToTa Qs ~ 0,5, a st o = 0,3 — Qs = 0,45,
4YTO JOCTATOYHO OJIM3KO K 3HAYEHUSM, TMOJIyYCHHBIM YHUC-
JieHHO (puc. 33a).

[IupuHa pe3oHaHCa 3aBUCHT OT ITapaMeTpa r'mjbOepTOB-
CKOT'0 3aTyXaHUs o, OTHOIICHHUS JIKO3e(DCOHOBCKOI 3HEPTUU
K JHepruum HaHoMarHuta G, a Takke mapamMeTpa cBs3u k.
Pucynok 330 nmemoHcTpupyeT BiMsiHHE napameTpa G Ha
CBOMCTBa (eppoMarHuTHOrO pe3oHanca. C Bo3pacTaHHUEM
G Ha0JIr01aeTCsl yMEHBIIIEHUE PE30HAHCHOM YaCTOTHI U ACM-
MeTpHsl Pe30HAHCHOTO MUKA OTHOCHTEILHO Qj = Qp. AHa-
JIMTUYECKHAE BBIPAXEHUSI B 3TOM Cllydae HAroT e =~ 0,492
npu o =0,1, G=0,1, k=001 u Qr =0,5. OnHaxo npu
G = 37 aHAJIMTUYECKUE PACUETHI MPUBOJIST K 3aBBILLICHHBIM
3HAYEHUSM, YTO O3HA4YaeT HEOOXOIUMOCTh Y4Y€Ta YJICHOB
OoJiee BbICOKOTO mopsaka npu G > 1. Takum obOpazom,
OTKJIOHEHHE 771, B PE30OHAHCE MPH ONPEICIEHHBIX 3HAUECHISIX

m-(1)

0 20 40 60

Puc. 34. /luHamunKka KOMIIOHEHTBI /. B 3aBUCHMOCTH OT BEJHYMHEI
napametpa G npu k = 0,05, « = 0,1. (M3 pabots [169].)

G, k1 o MOXeT ObITh TOCTATOYHO CUJILHBIM H MIPOSIBIISTHLCS B
9KCIIEPUMEHTAIBHBIX yCIoBUsIX [169].

5.3. Masarauk Kannunr

B cHCcTeMe J1K03e()COHOBCKMII mepexo/1/HAaHOMAarHUT
JpyruM MHTEPECHBIM DE3yJbTATOM, MPOSIBISIOIIMMCS B
cucteme IT/HM, siBisieTcst IEMOHCTpAIMS TIEPEOPUEHTA-
WY JIETKOW OCH HAHOMATHUTA TIPH YBEJIMYSCHUN OTHOILICHUS
J1K03e(PCOHOBCKOM 3HEPTUM K MATHUTHOM, T.€. CBOe0Opa3Hoe
MpOsIBJICHIE CBONCTB MasiTHUKA Kanuiel B cucteMe mxo3ed-
COHOBCKHMIT mepexoja/HanomarHuT [169]. Ha pucynke 34
MoKa3aHa NUHAMHKA KOMIIOHEHTBl MAarHUTHOTO MOMEHTAa
m;(f) mpu pa3HbIX 3HauYeHUsIX napamerpa G. ITomuepkHém,
4TO B HAYaJbHBIHK MOMEHT BPEMEHM MATHHTHBIA MOMEHT
HallpaBJieH BHOJIb JIETKOHl ocu (ock p, cM. puc. 32). Ml
BUJIMM, YTO IPU MaJIbIX 3HA4YCHHUSX G BPEMCHHAS 3aBUCH-
MOCTb KOMIIOHEHTBI m1,(!) BBIXOOUT HAa OMNpeAeCHHOE
nocTtosiHHoe 3HaueHue. C Bo3pacTtanueM G 3Ta 3aBUCUMOCTh
CYILIECTBEHHO U3MeHsieTesi U npu G = 37, ocuuyuupys, m;(f)
CTPEMUTCS K eIMHUIIE, T.€. M, oOpainaercs B HyJb. Takum
00pa3oM, MPOUCXOAUT NEpPEeOpUEHTALHS JETKOM OocH HaHO-
MarHuTa. B IpoOMeXyTOYHBIX COCTOSIHUSIX MarHUTHBIN
MOMEHT HAHOMArHUTa OPUEHTHUPOBAH MEX/Yy OCSIMU V U Z U
BpeMsI IEPEOPUCHTAIINN YMEHBIIIAETCS C yBeJInUeHHEM G.

JnHamMuka m, IpU pa3IMIHbIX 3HAYCHUSX JKO3E(PCOHOB-
CKOM 4acToThI 2 npeacTasiena Ha puc. 35. [Tpu maibix Qy
KOMIIOHEHTA /M, TMPEIEeCCUPYET BOJIM3U ONPEICIEHHOTO (PUK-
CHUPOBAHHOTO 3HAYEHHUS, 4 MPHU OOJBLINX ), OCHHILIUPYS,
BBIXOIUT Ha equHUITy [169].

M3BeCTHO, YTO MOJIOKEHNE YCTOWUMBOTO PABHOBECHS
MasITHUKA U3MEHSIETCSI, €CJIM €r0 TOYKA TMOJIBECA COBEPIIACT
KoJieObanus ¢ 60JbInoi yactotoi [93]. OTHOIeHHE MK03ed-
COHOBCKO 3HEPIMH K MATHUTHOM (G) COOTBETCTBYET aMILITH-
Ty[le IEPEMEHHO CUJIBI B 3a/1a4e 0 MasiTHuKe Kanuuel, 4To
JTIOJDKHO CIOCOOCTBOBATH MEPEOPHEHTAIINH JIETKOR ocH dep-
poMarHeTnka. XapakTep HapacTaHUSI CPETHETO 3HAYCHUS 11,
B 3aBUCHMOCTU OT OTHOIICHUS JHKO3e()COHOBCKOW IHEPTUU
K MarHuTHOH INpeacTaByieH Ha puUc. 36, KOTOPBIA Taxxe
JIEMOHCTPUPYET aHAJIOTHIO ¢ MassTHUKOM Kanumpl. Anamo-
TUYHOE MOBEJICHHE HAOMIOAAeTCs NMPU yBEIMYCHUHM Tapa-
MeTpa CBSI3H JKO3e(PCOHOBCKOW M MATHUTHOM ITOJICHCTEM K.



T. 192, Ne 4 AHOMAJIBHBII SOOEKT HKO3EGCOHA 371
- ik 1,2
(m:(1))
l -
0.8 |-
0
| |
m (1) 116
1 -
Ipvf\ffwfﬁvh\ﬂfvr\w”\f“vf 04
O £
Y/l Qr =1,k=0,050=0,1
| | /d
20 40 .60 : : ' :
| 2 3 4,08

G =10m, k =0,050=0,1
| |
0 5 10 t

Puc. 35. (a) Junamuka KoMHOHeHTHI m, npu Qy = 0,5. (6) To xe mpu
Qy=1.(8) Toxenpu Q; =2,3u5. (U3 pabotsl [169].)

5.4. lllanuponoo0HbIe CTYNEeHbKH

Ha BOJIbT-aMIIEPHOIl XapaKTepHCTHKe

cHCTeMBI 1K03e(COHOBCKHIi Mepexo,1/HaHOMAarHUT

o cux mop MbI paccMaTPHUBAJIH BIMSIHAE THKO3e(DCOHOBCKUX
OCHMJUISIIAN HA IMHAMHUKY MAarHUTHOTO MOMEHTA HAHOMAT-
HuTa. OmnmmeM Temeps KpaTKO OOpaTHBIA 3(QQeKT, T.e.
BJIMSIHAE TMHAMUKYA MarHUTHOI'O MOMEHTA Ha BOJIbT-aMIIEP-
HYIO XapakKTepPUCTHUKY k03e(COHOBCKOro mepexojna [5].
Pacuétr BAX mpoBoauTcs Ui mepexoaa ¢ 3aJaHHBIM
TokoM. B 3ToM cityuae B pamkax RCSJ-monenu [8§2] cuctema
YPaBHEHHN UMEET CJICTYIOIINI BU;

dr 1 . dm;

E_ﬁ_c I—sin(op—km,)+V—k THE (62)
do

= v, (63)

I71e ¢ — pa3HoCThb (ha3 B JHKO3e(PCOHOBCKOM Iepexone, f, —
napametp Makkambepa. Kpome toro, mis pacuéra BAX B
cucteMe ypaBHeHHi (59) u B BeIpaxkeHuu 1151 3P(HEKTUBHOTO
moJtst (60) HeoOX0AMMO TIpOU3BeCTH 3aMeHy V't Ha ¢.

Puc. 36. 3aBUCHMOCTB CpEeTHErO 3HAYEHHS 71, OT OTHOLIEHUS JKO3e(Co-
HOBCKOIi SHepruu kK MaruutHoi (G). Unuciaa yka3plBalOT 3HAUEHUE KO-
3edconoBCKO 4acTOTHL (M3 paboTsr [169].)

max

m:

0,1 0,2 0,3 0.4 0,5

T T T T 1
1,0 - f
124 |
|
0,8 - |
|
|
m; |
0,6 - |
e—— |
|
04 |
k=0,5G=0,1 |
a=0,1,QF =05 :
0.2 B =125 |
.’, 1
f - !
| |
0 1 I ] |
0 0,5 1,0

1

Puc. 37. Bousbr-ammnepnas xapaktepuctuka JIII ¢ HaHOMarHuToMm
(crutommnas ymmaEsE, CVC) m 6e3 Hero (WITpHXOBasi JIMHHSI) BMeECTe C
3aBUCUMOCTBIO MAaKCUMAJILHOTO M, OT HanpsbkeHus. (M3 pabotsl [169].)

Ha pucynke 37 mpencraBlieHbl pe3yJbTaThl pacuéra
BOJIbT-aMIlepHON xapaktepuctuku Il ¢ HAHOMarHUTOM U
6e3 Hero (BAX SIS-nepexoma) BMecTe ¢ 3aBUCUMOCTBEO MaK-
CUMaJIbHOM KOMIIOHEHTHI M1, OT Hanpsikenus [169]. BAX I1
C HAHOMArHUTOM JIEMOHCTPUPYET OCOOEHHOCTh, YKA3aHHYIO
cTpenkoii, kotopas otcyTcTByeT Ha BAX JIIT 6e3 Hanomar-
auTa. [ToyioxxeHne 3TOW OCOOEHHOCTH IO HAIPSDKEHUIO CO-
OTBETCTBYET MOJIOKECHUIO PE30OHAHCHOTO MUKA m1,. Takum
obpa3oMm, mpereccusi HAHOMarHuTa nposiBiseTcs Ha BAX
JAII, 4TO MOXET CIyXUTh METOJOM KOHTPOJSI €ro JWHA-
MuKH. OTMETUM, YTO OOOCHOBAHHE HCIIOJB3YEMBIX 3HaUe-
HUI MapaMeTPOB W UX COOTBETCTBHE IKCIEPUMEHTAIHLHBIM
yCJIOBUSIM IpuBeIeHO B pabotax [100, 171], uro mpenmno-
JIaraeT BO3MOYXHOCTb 3KCIHEPUMEHTAIBLHOTO UCCIICIOBAHUS
0OHApYKEHHBIX 3PPEKTOB.

B xauecTBe HencciieJOBaHHBIX cBoMCTB cucteMbl I/ HM
CJIeZlyeT OTMETUTh BOSHHUKHOBEHHE XaOTUUYECKHX COCTOSIHAN
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P MIEPUOAMUYECKOM BO3ACHCTBUM Ha cuctemy [172]. Xaoc B
JIT mox meficTBreM BHEIITHETO 3JIEKTPOMATHATHOTO U3JTyde-
HUs, KOTOpOE MOJEINpyeTcsi J00aBKOW K 0a30BOMY TOKY
usieHa A sin (wf) (o — yactoTa, A — aMILUTUTY /1A U3JIyUeHHs]),
noapoOHo paccmatpuBalics B pabote [173]. Ilpemmosara-
€TCsl, YTO B MCCIIEAYEMOW CHUCTEME NMPELecCHsi MAarHUTHOTO
MOMEHTA MOJ ASHCTBHEM CBEPXIPOBOISIINX OCHMILISALIUI B
AIT Takxe MOXET MPUBOAUTH K BOSHUKHOBEHUIO XaOTHYE-
CKUX CcOCTOSHHU. VccliemoBaHWst B 9TOM HANpPaBJICHUH 10
HACTOSIIIIETO BPEMEHH HE MPOBOIWINCH, HO HECOMHEHO SIB-
JISFOTCS] BAXKHBIMHU JIJTsI TIPAKTUYECKUX MPUMEHEHUI JaHHBIX
CHCTEM.

6. IlepeBOpOT MArHHTHOIO MOMEHTA
B @-liepexojie

CBepXIIPOBOIHUKOBAS HJIEKTPOHUKA UTPAET BAXKHYIO POJIb B
pa3paboTKe KOMIBIOTEPOB CO CBEPXHU3KUM IHEPrONOTped-
JieHueM [66, 128, 174 —176]. OgHoii U3 KJIFOYEBbIX MPOOJIeM B
JIOCTYKEHUH 3TOU EJH SIBJISETCSl CO3JaHUe HANAEKHOW W
MacITabupyeMoil apXUTEKTYPbl KPUOTEHHOMN MaMSTH, IS
KOTOPO MHOrooO€LIaIoMUMU CTPYKTYPaMHU SIBJISIFOTCS
mko3epconoBckue SFS-nepexonpl. JleWCcTBUTEIBHO, B3aUM-
HOE€ BIIMSIHIE COOCTBEHHOTO OOMEHHOTO IOJISl M WHAYIHPO-
BAaHHOM CBEPXIIPOBOIMMOCTH B (peppOMarHeTHKE TPUBOIUT
K m-mepexoy [56, 57]. B kauecTBe mk03e(hCOHOBCKOW Mar-
HUTHOW TaMSITH UCIOJIB3YIOTCSl BEpTUKAJbHBIE (eppomar-
HUTHBIE MHOTOCJIOMHBIE CTPYKTYpbl. [lBa JIOTHYECKUX CO-
CTOSIHUS 3THX 2JIEMEHTOB NMaMSTH OOBIYHO COOTBETCTBYIOT
COCTOSIHUSIM C PA3JIMYHOM OTHOCHUTEJIBHOU OpHUEHTAIUEH
MAarHATHBIX CJIOEB, YTO, B CBOKO OYEPEIb, ONpEIEseT, Ha-
XOJUTCSI Jin coeinHeHne B 0- Ui m-coCcTOSTHUU. CXEMBI CUH-
TBIBAHUS, KaK MPABHJIO, OCHOBAHBI HA PA3JIHYMK PE3UCTUB-
HBIX U HEPE3UCTUBHBIX COCTOSIHUM.

B nacrosem 0030pe paccMaTpuBaeTcs ajJbTEePHATHB-
HBI KPHOTEHHBIH 3JIEMEHT MaMsTH Ha OCHOBE (,-TIepexo/ia
[6], ocHOBHOE COCTOSITHME KOTOPOTO COOTBETCTBYET KOHEY-
HOMY (haszoBomy ciBury B ero T®C. Takas anomabHas dasa
Obljla HEIAaBHO OOHAPYXXEHA KCIEPUMEHTATIbHO B TUOPUI-
HBIX JKO3€()COHOBCKHX KOHTAKTaX, B YACTHOCTH, M3TOTO-
BJICHHBIX C ITOMOIIIBIO TOTOJIOTHYECKOTO u3oJisiTopa Bi;Se;
[28] u Ha ocHOBe retepoctpykTyp Al/InAs [29, 177]. Oba
MaTepualia IMeIoT CIIbHYI0 SO-CBSI3b, U B 3TUX IKCIIEPH-
MEHTax oO0pallleHle BPEMEHU HapyllaeTcs BHEIIHUM Mar-
HUTHBIM I10JIEM, KOTOPOE JEUCTBYET KaK 36eMaHOBCKOE MOJIE.
PaccmaTpuBaeMblil 3JIEMEHT HaMSITU SIBJISETCS J1K03e(co-
HOBCKHM TIEPEX0J0M C (DeppOMArHUTHON CBSI3bIO, TOITOMY
SO-B3anMoIelicTBUE HapyIaeTcsi OOMEHHBIM IoJieM. B yka-
3aHHBIX COCTUHEHHSIX HAMATHUYEHHOCTH (heppOMarHeTHKa
MOXHO KOHTPOJIUPOBATH JIEKTPUUECKUM TOKOM [7, 31, 33,
34, 178, 179]. B pabore [66] ObLIIO TIPEIJIOKEHO UCIOJIB30-
BaTh TAKOH MEPexo]] B KAUeCTBE JIEMEHTa MaMSTH ¢ HHPOP-
Marnyel, 3aKOANPOBAHHON B HANPABJICHUN HAaMAarHUYEHHO-
cTH (PepPOMATHUTHOTO CJIOSL.

6.1. IlepeBOpOT MarHUTHOI0 MOMEHTA UMITYJIbCOM TOKA

B03MOXHOCTb EpeBOPOTA HAMATHUYEHHOCTH B JIK03e(Co-
HOBCKOM ((-TIEPEXO0/I¢ UMITYICOM TOKA OBLIa MPOIAEMOH-
cTpupoBaHa B padote [34]. Bbl1o mokazaHo, YTO MEPEBOPOT
MAarHUTHOTO MOMEHTA YPE3BbIYAHO YyBCTBUTEJICH K 3HAYE-
HUSIM TIapaMeTPOB CUCTEMbI. BBUIY 1OCTAaTOYHOH CIIOX-
HOCTH paccMaTpPHUBAEMOU CHUCTEMBI BOMPOC, KACAOIIUUCS
BO3MOXHOCTH MPEACKA3aHUS MOJHOTO MEPEeBOPOTa MPHU
3aJaHHBIX TapaMeTpax CHCTEMbl M MUMITYJIbCa TOKa, OCTa-

Puc. 38. SFS mxo3edcoHOBCKuil mepexo, ynpaBisieMblid MPSIMOYIOJIb-
HBIM HUMILYJIECOM TOKA Ipjps C AMILTATY IO Ipnay . Z-KOMITIOHEHTA HAMATHU-
YEHHOCTH M sIBJIsieTCs] HaOJII01aeMOi, HCIIOJIb3YeMOM ISl OIIpeIe/ICHHS
siornueckux cocrosiHuii 0 u 1. (M3 pabotsl [66].)

BaJICsl OTKPBITHIM J10 MOCJeIHero BpeMenu. Huxke npencras-
JIEH aHAJIMTUYECKAN KPUTEPHl IepeBOpOTa, MO3BOJISIOMINN
9TO AeJaTh NPU ONPENEIEHHBIX TApaMETPaxX @-Nepexona u
UMITyJIbCA TOKA.

CxeMa paccMaTpPHBAEMOTO (,-TIEPexXoja MPeACTaBICHA
Ha puc. 38. JIérkas och peppOMATrHUTHOTO CJI0S HATIPABJICHA
BJIOJIb OCH Z, KOTOpas Tak)Ke COBIAJAeT C HAaIPaBJICHUEM
rpajJueHTa CuMH-opOuTabHOrO noTeHnuana. Kommnonenra
MarHuTHOIO MOMEHTa /1, CBA3aHa C JK03e(pCOHOBCKUM
TOKOM, HalPaBJIEHHBIM BJIOJIb OCH X.

JnHaMuKa MarHUTHOTO MOMEHTA PacCMaTPUBAEMOH CHC-
TeMbl onucbiBaeTcst ypaBHenueM JIJII [34], mis xoToporo
apdexTBHOE MOJTe Hefr 3aBHCHT OT MK03ehcOHOBCKOIT pas-
HOCTH (a3 ¢:

dM o dM
—=—M x H — (M x —
a N °“+Mo< . dt)’
(64)
K . M\, M.,
Heff:—0|:GrSln(qD—rV;)y+7‘ Oz},

rAe Y — TMPOMAarHUTHOE OTHOILICHUE, 0 — TUILOEPTOBCKAS
muccunanus, My = M|, G = E;/(KV) — OTHOLICHHE KO-
3e(hCOHOBCKO IHEPTHU K SHEPTUU MATHUTHON aHU30TPOIIHH,
K — nocTosiHHAasi aHU30Tponuy, V — o0BbEM GeppoMarHuT-
HOTO cJ108,  — napameTp SO-B3anuMOIeHCTBHSI.

B Ge3pa3zmMepHBIX BeIMYMHAX CUCTEMA YPABHEHMIA 3allu-
CBIBA€TCS B BUJIE

dm, 1

dt - 1+ (ma)Q {(m)’HZ - mzH,v) +

+ a[myc(myHy + myH, + m-H.) — H,] } ,

dm, 1 ; {(m:Hx —mH.) +

de 1 + (mo (65)

+ oc[my(mxHX +myH, +m.H.) — H),] } ,

dm, 1
=S (mH, —m,H,) +
dt 1 + (I’}’ZO()Z {( Y )

+ oc[m:(mxHx +myH, +mH.) — HZ] } ,

rJie KOMIOHEHTbl MarHUTHOTO MOMEHTA 11, HOPMUPOBAHbI
Ha My, i = X,y,z, H; — XOMITOHEHTHI 3(pdexTuBHOTO MO,
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HOpMHpOBaHHbIe HA K/ M), KOTOpbIE ONPEIesIOTCS BbIpa-
KEeHUSIMU

Hx(l) =0,
H,(t) = Grsin ((p(l) — ~my(l)) )
H.(t) =m.(1).

(66)

B cucreme ypaBHeHuit (65) BpeMsi HOPMHUPOBAHO HA w;l

(rme wp = yK/My — 4acTora (eppOMATHUTHOTO PE30OHAH-
ca). YpaBHEeHHE 111 pa3HOCTHU (a3 3amuchIBacTCs B paMKax
pe3ucTuBHON Mozenu [82], rae Il NIPOCTOTHI PACCMOTPEH
JII ¢ manoit émxoctbio C (R*C/Ly < 1, Ly — UHIYKTHB-
HOCTb J[)K03e()COHOBCKOTO TIepexoja, R — ero COnpOTUB-
JICHHE B HOPMAJIbLHOM COCTOSIHUM), T.€. TOK CMEIICHUsl He
YUATBIBAETCSI. B 3TOM cilyuae BBIpakeHHE IS JIEKTpHYe-
cKkoro Toka [ vepe3 JK03e(COHOBCKUN MEPexo]l, HOPMUPO-
BAHHOT'O Ha KPUTHYECKUIA TOK /., 3aIUCHIBAETCS B BUC

. do dm, : .
Ifu(a—rw>+sm(¢_’my)’ (67)

raew = Vg /(I.R) = wp/wg, Vi = liog/(2¢), og = 2el . R/H.
Cremyetr OTMETHUTD, UTO B paboTax [7, 34] pe3ysibTaThl ObLIN
TOJTyYeHBI B TPEANOIOXEHNH MajocTu wiena r(dm,/dr).
Hwuxe mokaszaHo, 4To ero y4éTt AeHCTBUTEILHO HE IPUBOIUAT
K Ka4eCTBEHHBIM M3MEHECHUSIM, OJTHAKO OH HEOOXOINM IS
COOJTFOICHHSI KaJITMOPOBOYHON MHBAPHAHTHOCTH HCIIOJIb3Ye-
MBIX ypaBHeHwuid [178].

B (67) ucniosib3oBalics NPSIMOYTOJIbHBIA UMITYJIbC TOKA C
AMILUTATYIOU A U AIUTEIbHOCTRIO At:

1 1
= At, ty + = At
3 70+2 (68)

0 B JpPYyroM ciydae

As, te€ |ty—

Ipulse(l) -

" C HAYaJIbHBIMH YCJIOBUSAMUA

Pacuéter mpoBOaUIUCH C TOMOIIIBIO HESIBHOU CXEMBI HA
ocHoBe aByxiaroporo metoja [aycca—Jlexxanapa [180]. Ta-
KO# moaxoj obecrieunBas 6ojiee BHICOKYKO TOYHOCTB (UeT-
séproro nopsaka O(h*) = 107%) u ycroitumsocts 1o cpasHe-
Huto ¢ MetosoM Pynre—Kyrra. Cucrtema ypaBHeHHit (65)
pelajach YUCJIEHHO BMECTe C ypaBHEHUeM (67) ¢ UCIOJIb-
30BaHueM (68) ¢ HayaIbHBIMU ycioBusiMHE (69). Bo Beex pac-
4€Tax M0JIarajioch w = 1, 3HaYeHUs! OCTAJIBHBIX TAPAMETPOB
yKa3aHbI B OJIIMUCSIX K COOTBETCTBYIOIIMM PUCYHKAM.

IIprmep mepexonHOW OWHAMHKHU JISI IEPEBOPOTA M. C
OCTATOYHBIMU OCHMJUIALMSIMU AEMOHCTpUpYeTcst Ha puc. 39a,
a JMHAMHKa KOMIOHEHT MAarHUTHOTO MOMEHTA, Pa3sHOCTU
(a3 u cBepxmpoBoasiIIero Toka mokaszana Ha puc. 396. Kax
BHJHO, B TIEPEXOAHOM 00J1acTH pa3HOCTD (a3 M3IMEHSETCS OT
0 710 2T ¥ COOTBETCTBEHHO CBEPXIIPOBOISIIINNA TOK U3MEHSIET
CBOE HaNpaBJIeHUE BBl 3aTeM CJleyeT UHTEPBAJ C 3a-
TyXaHHEM OCUMJUISIIUI CBEPXIPOBOASIIETO TOKA.

Ha pucynke 396 xapakTepHble MOMEHTBI BPEMEHH YKa-
3aHBl BEPTHKAJIBHBIMH INTPUXOBBLIMHU JIMHUSAMU. JluHUS [
COOTBETCTBYET pasHOCTH (a3 T/2 U yKa3bplBAeT MAaKCHMyM
cBepxmpoBosiero Toka I. Jlunus I’, KoTopasi COOTBET-
CTBYeT MaKCUMyMy m, U m. = 0, uMeeT HeOOJIbIIOH CABUT
OT JMHUU [. DTOT (aKT JEMOHCTPUPYET, YTO, B OOIIEM,
XapaKTepHbIE OCOOCHHOCTH BPEMEHHOW 3aBUCHUMOCTH My W
m,, He COBNAAIOT C OCOOEHHOCTSIMHE Ha Ii(f), T.e. Habmoma-

1,0 = .
15 As 1,5 a
m,
21,0 Q L
o I g 3
0,5 I At=6 +
S =25 <
0+ ]
0,5
,]’0 -
0 50 100 ;150
6
2
g
-0,5
-1,0
lﬁo I~ A\—s r
m; / C
0,5F m;
—0,6 |-
0 B
,0’8 -
0,5} c¥Q
’ //
A
~1.0 ! 1 I _1,0 ! ! ]
0 0,5 1,0 -1,0 =05 0 0,5 1,0
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Puc. 39. (a) [Tepexoqaasi TMHAMIKA KOMIOHEHTHI HAMATHUYCHHOCTH 11,
IUIS. CHCTEMBI C NPSMOYTOJBHBIM HMMITYJIbCOM TOKA, MOKA3aHHBIM Ha
BcTaBke. (0) JIMHAMMKa KOMIIOHEHT HAMAarHHYEHHOCTH BMECTE C pas-
HOCTBIO (a3 ¢ W CBEpXMPOBOIAIIUM TOKOM . CTpPeJIKM yKa3bIBarOT
HAYaJIO U KOHEIl UMIIYJIbca 3JIEKTPUYECKOTo TOKa. BepTukasibHble TpU-
XOBBIC JINHAM YKa3bIBAIOT XapAKTEPHbIE MOMEHTHI BpEMEHH, a TOPU30H-
TaJIbHBIE — COOTBETCTBYIOIIIE 3HAYCHHsI pasHOCTH (a3. (B, T) Tpaekro-
PUM HAMATHUYEHHOCTH KOMIIOHEHT B IUIOCKOCTSIX /1y — M1, B IEPEXOTHOM
obJtacTu: (B) BO BpeMs BO3JCUCTBHSI 3JICKTPUUECKOTO UMITYJIbCa (MEXITy
toukamu A u C), () mocJie BeIKJIFoYeHHs umiysibca. (M3 pabotel [34].)

eTCsl 3aJlepXKKa PEeaKIMi MAarHUTHOTO MOMEHTa Ha M3MeHe-
HUSI CBEpXIPOBOJISINEro Toka. [pyras xapakTepHas TOYKa
COOTBETCTBYET ¢ = M. B 3TOT MOMEHT BpemeHM JuHUS 2
nepecekaeT Touku [y = 0, m, = 0 u MUHUMYM m.. B MOMEHT
BpeMeHH, Korjaa ¢ = 31/2, iuHus 3 nepecekaeT MUHUMYM Ig.
Kornma uMIryJibc OTKIIFOUEH, CBEPXIPOBOISIIUI TOK MPOTE-
KaeT uepe3 COMPOTHUBIICHHE, JEMOHCTPHUPYSI 3aTYXAIOIIHE OC-
IUJUTSIIAE M BBI3BIBASI OCTATOYHBIE OCIIUJUISIIIAN KOMIOHEHT
MAarHuTHOro MoMenTa. OTMETHM TaKkkKe, YTO BpeMsI OKOHYa-
Hus umnyibca (1 = 28) pakTuvecku He IpOsIBIISIETCS Cpasy B
MMHAMUKE /7, (A HEe MOKA3aHHOIO 3J€Ch /,). OHM IeMOH-
CTPHUPYIOT HENPEPBLIBHBIN MEPEXO/] K 3aTYXAIOIIeMy OCIHII-
JINPYIOLIEMY TIOBEJICHUIO.

Hannble puc. 390 yka3bpIBarOT Ha MPSIMOU criocod ompe-
JIeJIeHNs] BEIMYMHBI CHMH-OPOUTAJILHOM CBSI3M B IMEpexoe
HOCPEJICTBOM OIIGHKHU r. J[JIsl 3TOro oTr™MeTnMm, 4to ¢(t) =
= @gy + fot V(t')dt’ MOXHO OHpeNeTUTb C TOYHOCTHIO JI0
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Puc. 40. [leMoHCTpanusi NEPEeXOAHON NUHAMUKH /7, ISl TAyCCOBA MM-
MyJIbCa JJIEKTPUUECKOTO TOKA (MoKa3aHo Ha BcTaBke). (M3 paboTsl [34].)

HA4aJIbHOU HE 3aBUCSILEH OT BPEMEHH IIOCTOSIHHOH @, IpU
n3MeHeHnM HampspkeHus V(t) Ha mepexoxe. Kpome Toro,
MaKCUMYMbl 1 MUHHUMYMBI [; BOSHHKAIOT B MOMEHTHI Bpe-
MEHH fiax | tmin (pUC. 390), 11151 KOTOPOTO

tmax [min]
sin {9000 + J V(t")ydet' — rmy(tmax[tmm})} =+[-]1.
0

Onpenessist ¢y, U3 3TUX YPaBHEHUI, MOXKHO IOJIYyYUTh

sin{ 3| 708t 41, ) = )} =1
. (70)

4TO MO3BOJISICT B MPUHIAIE OTPEACTUTD I IO HAMAT HUYEHHO-
CTH /M, TP MAKCUMyMe ¥ MUHIMYMeE CBEPXTOKA U HaTIpsiKe-
Hus V ua nepexone. [ToguepkHém, 4TO 1151 SKCIEPUMEHTAITb-
HOW peajn3anuyu MPeIJIOKEHHOTO MeToJda HeoOXOoIuMo
pa3inyaTh 3HAYEHWUS HAMATrHMYEHHOCTU Ha BpeMeHax
nopsiaka 107'9—107° c. B macTosimee BpeMs HcCe0BAHNE
JIMHAMUKUA HAaMarHM4Ye€HHOCTH C TAaKUM pa3pelleHueM Io
BPEMEHU SBJISIETCS] JOCTATOYHO CJI0KHOM 3aaauei. s skc-
MEePUMEHTAIBHOTO OMpeaesieHUusT KOHCTAHThl SO-cBSI3U
6oJiee y10OHO BapbUPOBATh MapaMeTPbl UMITYJIbCa TOKA
I(f) 1 n3y4aTh MOPOT MEPEKITFOUCHHSI MATHUTHOI'O MOMEHTA.

JInHaMuKa CHCTEMBI B BHJIE TPACKTOPHIA HAMAar HIYSHHO-
CTH B IUIOCKOCTSIX M1, — My U M. — M, B T€UEHHUE NEPEXo-
HOT'O MHTEPBaJIa BpeMEHH ITPH TEX JKe MapaMeTpax UMIYJIbca
u AI1 nmpu « = 0 mpencrasiena Ha puc. 39. Buano, uto mar-
HUTHBIE MOMEHT COBEpIIACT CHUPAJIbHOE BpAIlleHUe, MpH-
OJIMKasICh K COCTOSTHHIO C M, = —| TOCJIe BBIKJIFOUYCHHS
UMITYJIbCa JJIEKTPUYECKOro Toka. Ha pucyHkax OTYETIMBO
BUIHBI OCOOEHHOCTH JAMHAMMKM OKOJIO Touek B, A’ u Q u
3aTyXarolye OCHWJUISIIMM KOMIIOHEHT HaMarHHUYeHHOCTH
(puc. 396, ). Touka B Ha puc. 39B COOTBETCTBYET MEPEXOAY
OT BO3pacTaHusi aOCOTFOTHOTO 3HAYECHUS M1, K €TO0 YMEHbIIIe-
HUIO 1 00paTHO B Touke A’. [ToBeeHe MarHUTHOM CHCTEMBI
OKa3bIBAETCS JOCTATOYHO YYBCTBUTEIbHBIM K MapaMeTpaMm
uMIyJibca 3nektpudeckoro toka u JAI1. B pabote [34] no-
Ka3aHbl Pa3JIMYHbIE TPOTOKOJIBI IEpeMArHUYMBAHMS TTPH U3-
MEHEeHUU apaMeTpoB As, GU r.

NuTtepecHo cpaBHUTE 3G HEKT IPSIMOYTOJILHOTO UMITYJIb-
ca ¢ rayCcCoBbIM BUa

1 (1 —10)?
oI ( 207 ) |
rae ¢ o0O3HAYaeT MOJHYIO IIMPUHY HA MOJOBHHE MAKCH-
MyMa UMITyJibca, A — ero MakCUMajbHasl aMIUTUTYyAa PU
t = ty. [Ipumep mepeBOpoTa MATHUTHOTO MOMEHTA B 9TOM
ciIydae mpejcTasiieH Ha puc. 40, e noka3aHa IUHAMUKA 7,
npu r = 0,1, G = 10, 43 = 5, ¢ = 2 npu MaJoil Juccunanuu
o=0,01.

B sToMm ciyyae mepeMarHMYMBaHHE MPOMCXOOUT OoJiee
IJIABHO MO CPABHEHUIO CO CIY4YaeM MPSIMOYTOJIBHOTO UM-
IyJIbCa.

Ipulse - As (71)

6.2. IlepoaM4HOCTH B BO3HHKHOBEHHH HHTEPBAJIOB
1IepeBopoTa MarHUTHOI0 MOMEHTA
[Py H3MEHEeHHH NapaMeTpoB 1:kK03e¢COHOBCKOro nepexoaa
U UMIYJIbCa TOKA
HccnenoBanne AMHAMUKY HAMAaTHMYEHHOCTH @ -TIepexojia
TPHUBEJIO K OOHAPYKEHUIO MEPUOTUYHOCTH B BOSHUKHOBEHUH
UHTEPBAJIOB [IEPEBOPOTA MATHUTHOI'O MOMEHTA NIPU U3MEHE-
Huu napametpoB JIT u umnynbsca Toka. Ha pucynke 41 mo-
Ka3aHbl MPUMEPBI TMHAMUAKA MAarHUTHOTO MOMEHTA M1, TIPU
JIBYX 3HAYECHUSX OTHOIIEHUS K03e()COHOBCKOM IHEPrUM K
MaruuTHoil: G =9 (kpuBas 1) u G = 8 (kpuBas 2), a Takxe
IPHJIOKEHHBIA TOKOBBIM NMITYJIbC Jpyise (KpUBas 3). B mepsoM
canydae (G =9) HaburogaeTcss mMepeBOPOT MATHUTHOTO
MOMEHTa, TOrjga kKak Bo BTOpoM (G = 8) OH OTCYTCTBYET,
4TO OTpa)kaeT 3aBUCHUMOCTBH PeaM3allid MEPEeBOPOTa OT
BHIOpAHHBIX 3HAYCHHWI MapaMeTpPOB CUCTEeMBbI. BimsiHue
mapaMeTpoB MOJIEJIM ¥ TOKOBOTO HMITYJIbCAa Ha IEPEBOPOT
MAarHuTHOTO MOMEHTa B JDKO3€()COHOBCKOM ¢ -TIEPEX0Jie
obcyxmanock B paborax [34, 179]. OnHako uccienoBaHue
BO3MOYXHOCTH MPEACKa3aHus MEPEeBOPOTa M OINpeesieHrne
WHTEPBAJIOB MAapaMeTPOB, MPH KOTOPBIX MPOUCXOAUT Tepe-
BOPOT MAarHNTHOTO MOMEHTA, IO IOCJEeTHETO BPEMEHU He
HPOBOIAJINCE.

Jns omnpeneseHus: UHTepBajioB G, B KOTOPBIX peasii-
3yeTcs epeBopoT, B padbote [181] paccunThiBaiach BpeMeH-

1,0
> 3
\ 1 L5
m; 2
0,5 -
- 1.0
—0,5
—0,5
_1’0 | | | |
20 30 40 50 60

t

Puc. 41. JleMoHCTpanus BIMSIHAS IapaMeTpa OTHOIICHHUS PK03e()COHOB-
CKOJt 9HEepruM K MarHuTHO# (G) Ha MEpeBOPOT MAarHUTHOTO MOMEHTA.

PacuéTsl mpoBeeHbl NPU BEJIMYUHE CHHH-OpOUTANIBHOW cBs3u r = 0,1,
napamerpe auccunanuu o = 0,1 1 ammutyae umnyibsca As = 1,5. (U3
pabots [181].)
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Puc. 42. [lemoHCcTpanus NEPHOJUYHOCTH HHTEPBAJIOB IEPEBOPOTA B
mwiockoctH (G, o). PedynbraTsl nosyuenst ¢ marom AG = 1 u Aa = 0,001
npu A; = 1,5, r = 0,1, typ =25, At = 6. (U3 pabots1 [181].)

HASI 3aBUCHMMOCTh MATHUTHOT'O MOMEHTA IMpH 3HAYeHUsx G
ot 1 10 130 crarom AG = 1 ipu 3Hauenusix o ot 0,01 10 0,5¢
marom Ao = 0,001. Bennumaa mapamerpa SO-cBsi3m mosia-
rasach paBHo#t r = 0,1. JIust kax/10i napsel 3HaueHuit (o, G)
cucteMa ypaBHeHuil (65), (67), (68) pemanach MeTOAOM
Taycca—Jlexannpa c¢ marom h = 0,01 B uHTepBasne ¢ €
€ [0, Tmax)s Tmax = 200. Ilpu ¢ = Tax NPOBEPSIIOCH HEpa-
BEHCTBO |m. + 1| < 0,0001, nist TOro 4To6s! 3ahUKCHPOBATD
peayM3anyio IepeBopoTa MarHUTHOTO MOMeEHTa. B ciyuae
ero peajm3aluy COOTBETCTBYIOIIME 3HAUeHUS o 1 G 0TOH-
pajluchb M COXPAHSIUCh. DTU JaHHBbIE, IPEACTAaBJICHbIE HA
puc. 42, CBUIETENbCTBYIOT O MEPUOIMYECKON 3aBUCHMOCTH
B peajM3aluy IIepeBOPOTa MATHUTHOTO MOMEHTA C POCTOM
G. TlomuepkHEM HEKOTOpPBIE OCOOCHHOCTH B MPOSIBJICHUH
JIAHHOW 3aBUCHMOCTH, B YaCTHOCTH, OTCYTCTBHE MEpPEBO-
poTa npu MajblX G U CABUI MHTEPBAJIOB 0 G IIPH yBeJIUye-
Hud o. [Tpn 3TOoM HabmromaeTcsl BO3pacTaHue MIUPHUHBI 9TUX
WHTEPBAJIOB BIIOJIb ocu G.

B pabGorte [181] npeacraBieHbl Takke pe3yJIbTAThl pac-
yéTa peaM3aliid MepeBOpOTa MArHUTHOTO MOMEHTa Ha
wiockoctH (G, r), Te HabII0JaeTCsl IEPUOJUIHOCTD B BO3-
HUKHOBEHHM HHTEPBAJIOB NEPEBOpPOTA NpU u3MeHeHuu G.
VBenuuenne mapamerpa SO-CBSI3U r MPUBOIUT K CIABHUTY
JIOMEHA € TIEPEBOPOTOM B 00J1aCTh MaJIBIX G C OJTHOBpEMEH-
HBIM YMEHBIIIECHHEM €TO IIMUPUHBI.

Kak ykasbpIBajoch BbIIIe, JIETKas OChb (peppoMarneTuka
HampaBJjeHa BAOJb OCH Z U UMEET [1Ba YCTOWYMBLIX COCTOS-
Hust m; = £1. UMmyabc Toka BBIHYXIA€T MAarHUTHBINM Mo-
MEHT OCIWULTUPOBaTh. KpuTHueckuM ISl IepeBOpoOTa OKa-
3BIBAETCSl €0 BEJIMYMHA B MOMEHT OKOHYAHUWS ACHCTBUS
IMIIyJIbca, KOTOpasi OMpeAesIsieTcsl HapaMeTpaMu ¢, -Tiepe-
X0Jla ¥ nmapamMeTpamMu umnyJiibca. B padore [181] mpeacras-
JICHbI BPEMEHHEIC 3aBHCHMOCTH KOMIIOHEHTHI MarHUTHOTO
MOMEHTA M. TPH Pa3IMYHBIX 3HAUYeHHUsX mapamerpa SO-
CBSI3M F, TApaMeTpa THIbOEPTOBCKOTO 3aTyXaHUS o U OTHO-
IIeHUsT JKO3e(COHOBCKON 3HEPTUU K MArHATHON G miis
nepBoil ¥ BTOpoi moJioc. Ecim BesmunHa 71, OKa3bIBAeTCs
6JIM3KO0H K HYJIIO MJIM OTPULIATEILHOM, TO HAJINYUE THIILOED-
TOBCKOTO 3aTyXaHHs oOecneunBaeT CTpemiieHue m. Kk —l.
[MepnoanvHOCTH B BOSHUKHOBEHUU HHTEPBAJIOB IEPEBOPOTA
MOXHO OOBSCHHTH, MPEAIOJaras MmepHoINYecKyto 3aBUCH-

MOCTbh KOMITOHEHTBI /71, OT MapaMeTpPOB UCIOJIb3YeMOI MO-
nemu. B pazmene 6.3 mpeacTaBieHbl aHATUTHYECKUE HCCIIe-
JIOBaHUS TIEPEBOPOTA MAarHUTHOT'O MOMEHTa B JIk03e(co-
HOBCKHX CTPYKTYpax ¢ aHOMAaJIbHBIM CIIBUTOM (ha3bl.

6.3. AHa/MTHYeCKHe KPHTEPHH NepeMarHHiHBAHAS

B @y-liepexoje

Kak yxe oT™Meuanoch, OTHOHM U3 TJIABHBIX 3a7a4 CBEPXIIPO-
BOJIHUKOBOM 3JIEKTPOHVKH SIBJISIETCSI CO3JAHUE DJIEMEHTA Ta-
mstu [174, 175, 182] ¢ manoi nuccunanueid sHepruu. buumm
pPaccMOTpPEHBI pa3jUYHbIe BAPHUAHTBHI TAKUX YCTPOMCTB,
BKJIFOYAS] YCTPOMCTBA HA OCHOBE JKO3E(COHOBCKUX () -TIe-
pexooB [66, 182—184].

DC-koMIoHeHTa CBEPXIPOBOISIIETO TOKA, IPUIOKEHHO-
ro k SFS ¢,-nepexony, MOXeT OKa3blBaTb CUJILHOE OPHUEH-
TAIMOHHOE BIIMSHUE Ha (HPeppOMATHUTHBIA MArHUTHBIN MO-
MeHT B cioe [34]. ['yapcesno u Bepreper B pabote [66] yka-
3aM Ha BO3MOXHOCTBH Hcmonb3oBaTh SFS ¢(-mepexon B
KauecTBe 2JIEMEHTAa KPUOTEHHOH MaMsTH, OCHOBAHHOTO Ha
WMITYJIbCHOM TEPEKJIFOYCHUH, TTPEIIIOKECHHOM B padboTe [34].
B Takoii cxeme OMT MHGOPMAIK CBSI3aH C HAPABJICHHEM
MarHuTHOTO MOMEHTA BJOJb WM HPOTHUB HAIpPaBJICHUS
JIETKOi ocu (eppOMArHUTHOTO CJIOSl. 3aNUCh OCYILLECTBIIS-
€TCsl KaK MHBEPCUSI MATHUTHOT'O MOMEHTAa UMITYJIbCOM TOKa,
a CUMTBHIBAHWE — JIETEKTUPOBAHMEM MArHUTHOTO TOTOKA
CKBHUJIOM, HHIYKTUBHO CBSI3aHHBIM C ((-liepexofoM. brura
TaKXe UCCIIeI0OBAHA YCTONYMBOCTh MHIYIUPOBAHHOTO TO-
KOM NIepeMAarHUYUBAHUS K TEIUIOBBIM (IIYKTYaIMsiM U Ipea-
JIOXKEH CHoco0 pa3pbiBa CBS3H JIKO3e(PCOHOBCKOU (a3bl U
NMHAMUKA HAMAarHHYeHHOCTH IIOCPEACTBOM IIEPECTPOUKH
nHTeHCUBHOCTH SO-B3auMOACUCTBHS Palobl HAPSHKEHUEM
Ha 3aTBope. [TomuepkHEM, YTO BO BCeX YIOMSIHYTBIX paboTax
nepeMarHMYMBaHUE U3Y4aJIOCh TOJbKO YHCICHHO.

Kak oTmeuanoch Bble, (pu3nuka MEepeKSIIOYEHUS B (-
nepexojie onpenensercs ypasaenueM JIJIT (65) u mopaennb-
HbIM ypaBHeHHeM RSJ (67). HTepecHO! 0COOEHHOCTHEO ATOM
CHCTEMBI B CJIy4ae CHIILHOTO 3aTyXaHUS SIBIISIETCS] pa3Bs3Ka
ypaBHEHUIA, T.e. ypaBHeHHe (67) i @ = ¢ — ¢g = ¢ — rm,
OKa3bIBaeTCs He CBA3aHHBIM ¢ ypaBHeHueM JUJII (65). OTo
MO3BOJISET HAUTH aHaIUTHUYECKOe pellenune mjiasa @ u mo-
CTPOUTH TEOPUIO NMEPEMATHUYUBAHUS IPU ONPEACTEHHBIX
3HAYCHUSIX TAPAMETPOB MEPEX01a U HMITYJIbCA.

Taxk, mepuosd NEHCTBUS UMIyJbca ) < t < ty + Of, Ipu
9TOM ypaBHEHUe 11s1 ¢ UMeeT BUJ

do
As = wy +sin (¢ — @) =w R +sin®, (72)

d

¢ HavaJIbHBIM ycoBueM P (1 = ty) = 0. Ilpu 4 < 1 370 Haér

% o tanh [(l — [0)/‘[0]
tan < 2 > = A tanh [(17 ;0)/7;0] + \/1—;1?3 )

rue 15! = /1 — A2/(2w) onpenenseT BpeMeHHOI MaciiTad
NPUOJITKEHUsI K TOCTOSTHHOMY 3HaueHuto @. ®opmyia (73)
MO3BOJISICT HAWTH sin® B TeYeHUE HUMIYJIbCa TOKa
to < t < to + 6t. Bo BTOopoM uHTEpBAaJIe BpeMeHH ¢ = ¢y + O,
KOI1a UMIIyJIbe oTKiItouéH (I,(1) = 0),

(73)

sin (1) =
2tan (w)
exp (t — 1 — 81) + tan? (tb(ro + 8[)) exp (_ t—1t)— 8t>
w 2 w

(74)
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DTO BBIpAXECHUE IEMOHCTPUPYET IKCHOHEHIMAIbHBIN
craj K HYJIO C BpEeMEHHBM MacmTabom t; ~ w. 37ech
tan [@(1y + 0¢)/2] onpenensiercs: ypaBHeHueM (73).

Teopusi cTpOUTCSI Ha CJEIYIOIIUX OCHOBHBIX ITOJIOXKE-
HUSIX: 1) IS MaJjIbIX w | ISl AIMITYJIbCOB € Ag # 1 MOXHO
npeHedpeyb wieHoM wd®@/dt B ypaBaenun (72), 4TO MOA-
pasymeBaeT cooTHomeHue I,(7) = sin @; 2) ycnosue Gr > 1,
KoTopoe npu w < 1 He moapasymeBaeT G < 1 (eMm. [7]), Tak
4T0 G MOXET MEHSThCS B IIMPOKUX Npefenax, or G <€ 1 no
G ~ 100 > 1; 3) ManioCcTh r'MJILOEPTOBCKOTO 3aTyXaHus o < 1
[185—187]. ITpu atux yciosusix ypauenue JIJII' B nepuon
JIeHCTBHSI UMITYJIbCA MOJKET OBbITh 3aIMCAHO B BUJIE

rit, = Grm_ sin @ = Grly(t)m. ,
(75)

my, = mym; ,
1, = —Grmysin @ = —Grl,(t)my .

Ipenen cunbhou cBsi3u Gr > 1 (HO r < 1) MoxeT OBITh
paccMoTpeH aHanuTHiecku [7]. B aTom ciywae m, (1) ~ 0 u
JUIST IPUMEHUMOCTH MeTOJIa HEOOXOIMMO TOJIOXKHUTH
Grly(t) > 1. Torma B TOJNAPHBIX KOOPIAMHATAX p M ¢ TIO-
JIyqaeM m, = p sin ¢, m. = pcos ¢ u ¢ = Grl,. Taxum obpa-
30M:

b0 = Gr

t
dn Ip(ll) .

0]

(76)

Kax BugHo u3 (73), mocje BBIKJIFOYEHHS UMITyJIbca sin @
obicTpo cnagaetr go 0 u3-3a ycmoBus w<1. B atom
WHTEpBAJIc BPEMEHH JMHAMUKA HAMATHUYEHHOCTH OTpE/e-
JISIETCS. TOJIPKO MArHUTHOW aHW3OTPONHUEH U 3aTyXaHHEM
T'unbbepTa, 4YTO OOYCIOBIMBAET BBICTPAMBAHME HAaMAarHH-
YEHHOCTH BJIOJIb JIETKOU ocH [96].

Kax cnenyer u3 (76), nmepeMarHu4MBaHUE MPOUCXOJAUT
npu

to+0t
cos <G1‘J dy Ip(t1)> <0,
1

0

(77)

rae 6f — NPOJOJDKUTEILHOCTD UMITYJIbCA.

Pe3ynbTaThl aHAJUTHYECKUX PACUETOB BMECTE C PE3YJIb-
TaTaMHM YUCJICHHOTO PEIICHHsI TIOJIHOM CUCTEMBI YPaBHEHUHN
MPEICTABICHBI HA pHC. 43 I TPSIMOYTOJBHOTO UMITYJIbCA
I(t) = Ag[0(t — to) — 0(t — 19 — 8t)]c A, =05 8ty = 1 m
6[2 =3,

B cinyuae 8¢t =1 xputepuit (77) maér cos(Grdsdt;) =
= 0,28 > 0, mo3TOMy NEPEBOPOT OTCYTCTBYET, TOTJa Kak
st 8t = 3 mousydaercst cos (Grdsodt;) = —0,76 <0 u Ha-
OJroaeTcsl nepeMarHuynBaHue. BuaHo, 4To YnciieHHoe pe-
menne (76), mpencTaBIeHHOE CHHUMU KBaJpaTaMH, COBIIA-
JTaeT C AHAJIMTUYECKUM, TIPEJCTABJICHHBIM 3€JIEHOM CILIOII-
Hoi kpuBoil. Korga mMmysbc OTKIIIOUYEH, 3aTyXaHUE Tpe-
MSATCTBYET JIFOOBIM OTKJIOHEHUSIM OT JIErKo# ocu m, = +1.
DTO0 MOKa3aHO Ha BcTaBKax K puc. 43. Cienyer OTMETUTH,
4TO Ha TNepeMarHNYMBaHWE BIHUSET He (GopmMa HUMITYJbCa
TOKa, a TOJILKO HHTETPaJI IO UIATESIILHOCTH UMITYJIbca [65].

6.4. IlepuoMYHOCTH HHTEPBAJIOB MEPEBOPOTA

B IIocKocTH ¥ —G

CornacHo (77), nepeBOpOT HAMATHUYEHHOCTH B TJIOCKO-
cti r—G mon pmeiictBueM mMmynbea I, (1) = As[0(t — ty) —
— 0(t — to — 8t)] UPUBOAUT K TUMEPOOIMIECKHM 00JIACTSIM
npu

3
T 2mn < Gurddt < 7“ + 2mn (78)

2

I, pulse

I, pulse

m.

250 500 ¢

o
)
~
=N
~

I, pulse

I, pulse

250 500 ¢

-1,0 & I | 0
0 5 10 t

Puc. 43. (B uBere onnaitn.) JuHamuka m, HAa OCHOBE YHUCIEHHOTO
pewennst (13) u (72) (cuHme KBaApaThl) M aHAIUTHKU (76) (3enéHas
JIMHUS) TPU Pa3jIMYHOM INMpHHE HMITyJibca. MMIysbc Toka mOKa3aH
kpacubiM 1BetoM. ITapamerpsl pacuéros: G = 100, r = 0,1, o = 0,005,
w=0,01, 70=1.(a) 4, =0,5,06r =1, (0) 4, = 0,5, &t = 3. (U3 paboTbI
[65].)

misn=0,+1,..., Torna xak HanboJiee 3pPeKTUBHBIN mepe-
BOPOT BO3HHKAET MPH BBIIOJHEHUU YCIOBUS

cos (GrAsot) = —1, (79)

T.¢. ipu GrAdt = T + 27n.

B ciydae npsiMOYroJibHOT'0 UMITYJIbCA B PEXKUME CI1a00TO
3aTyXaHusl 1 MajiblXx w ypaBHeHue (78) maért rumepOosimye-
CKHUe KpuBbIe UIst pa3HbIX 7. C (PU3HUUECKOM TOUKU 3PCHUSI OHU
SIBJISFOTCS. KPUBBIMH TIOCTOSIHHOW aMIUIATYIbI JJIS1 CHUJIbI B
ypaBHernu JIJIIT (64). B takoit cutyanuum MarHUTHBIA MO-
MEHT BBIPaBHUBACTCS B HATIPABJICHUH M, = — | cpa3y mocie
BBIKJIFOYEHUS HMMITYJIbCA, M COOTBETCTBYIOIIUN MaciiTad
BPEMEHHU OIPEICIISIeTCS TOJIbKO INTEIbHOCTHIO UMITYJIbCA,
a He 3aTyxaHueMm [ minbbepra. DTO IOMOTAET ONTHMHU3UPO-
BaTh JUIMTEILHOCTb MMIIYJIbCA TSI TOCTHXKEHUS] OBICTPOTO
nepeBopota. M3 (79) BUAHO, YTO MUHUMAJIBHOE BpeMs sl
nepeBopoTa peanusyercs mpu n = 0, T.e.

Sleff = (80)

Grd,
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Puc. 44. (B uBere oniaiin.) demoHcTpanust HauboJjiee ObICTPOro mnepe-
MarHUYMBAHUS TIPU JJTHTEILHOCTH UMITYJIbca dtepr = 0,628 cornacHo (80).
3enéHasi JHHHAS COOTBETCTBYET AHAIMTHYICCKOMY PEIICHUIO, a CHHHUE
KBaJIpaThl — YHUCICHHOMY. VIMITyJIbc TOKA MOKA3aH KPACHOW JIMHHUEH.
(U3 pabortsr [65].)

0,2

0,1

0

Puc. 45. (B uBere onnaiin.) [1epnoanvyHOCTh B BO3HUKHOBEHHH IIEpe-
MAarHUYUBAHUS B IUIOCKOCTH r—G. Peanmsamus nepeMarHUYHBaHHS
MoKa3aHa 3eJI€HBIMH II0JIOCAMH, I'paHHIBI obsacrteil (78) — mrpuxo-
BBIMH JIMHUSIMH CHHETO I[BETA, a CIUIOUIHbIE KpUBBIE HamboJiee 3ddek-
TUBHOTO nepeBopota (79) — KpacHbIM LBETOM. Pacu€r BBINOJIHSETCS C
maroM AG = 0,5u Ar = 0,001. Jpyrue mapametpsr: o = 0,005, w = 0,01,
As/I. = 0,7, 8¢ = 3. CrioLHble JIMHUN COOTBETCTBYIOT hopmyste (78) ¢
n=0,1,2,...,9. UépHble KPYKKU YKA3bIBAIOT TOUKH, TUHAMUKA 1. (1) B
KOTOPBIX IOAPOOHO HcciegoBajack B pabote [65]. (M3 paboTst [65].)

OmnmcanHasi cuTyanus mokaszaHa Ha puc. 44 mms G = 100,
r=0,1, «=0,005, w=0,01, A4;=0,5 m Ot = 0,628,
4TO MPUBOIUT K BPEMEHU NEPEMATHUUYUBAHUS Olpey R
~ 0,6 x 107'% ¢ gns THNUYHBIX wr ~ 10 T DTo Bpems Ha
JIBa TMOPSIIKA MEHBIIIE PACCYUTAHHOTO B paborte [34].

Ha pucynxke 45 cpaBHUBaIOTCSI YMCIIEHHBIE PE3YIbTATHI C
AHAJIMTUYECKAMH, TIOJTyYeHHBIMH Ha OCHOBE ypaBHEHUi (78)
u (79). Iloutn mmeasbHOE COTJIACHE MEXYy YHCICHHBIMH
U aAHAJUTHYECKUMHU pacyéTaMé MOMTYEPKUBACT CIPABEIIH-
BOCTb TEOPHH MPH BLIOPAHHBIX MapamMeTpax cucteMbl. Cpas-
HUBas 00a pe3yjbTaTa, MOXHO 3aKJIOYUTh, YTO HA CAMOM
Jene 4ieH ¢, (72), KOTOpBI AelaeT ypaBHEHUS KaJIuOpo-
BOYHO-WHBAPUAHTHBIMH, JIMIIb HE3HAYMTEIHHO CIIBHTAET

3VOH, 1.192, Ne 4

obnactu mepemarumuuBanus. Ho, ¢ Apyroit cTopoHsbl, Ka-
JIMOPOBOYHO-MHBAPUAHTHASL (popMa ypaBHEHHMU HAET BO3-
MOXHOCTb aHAJIUTHYECKOTO pacCMOTpeHusl ypaBHeHus (72).

7. DKcnepuMeHTaJIbHASI pean3anusi
anomaJusHoro 3¢ dexra /Ixo3zedcona
N NEePCNCKTUBLI NIPUMECHCHUSA

Ecnm kupaibHAsE CHMMETPHSI I CHMMETPHSI OTHOCHTEIbHO
0o0OpallleHHs] BpeMEHH HapyIlleHbI OJJHOBPEMEHHO B MPOIIECCe
TYHHEJIMPOBAHUST KYMEPOBCKUX Map 4Yepe3 Mepexoi, TO
JIKO3¢()COHOBCKUI TOK OTJIMYEH OT HYJs NpPU HYJEBOU
pa3HocTH (pa3, YTO COOTBETCTBYET CIIBUTY ()a3bl B OCHOBHOM
cocrosiHuM. B mocnieaee Bpems ObLIM IPEIOKEHBI Pa3JInd-
HBbIE CIIOCOOBI pean3aliy HAPYIIEHUsI 3THX CHMMETpPHUH, B
YaCTHOCTH, OCHOBAHHbBIC Ha HCIOJIb30BAHUHM HEIIEHTPOCUM-
METPUYHBIX U MHOTOCJIOWHBIX (eppOMAarHeTukoB [6, 51],
TOYEYHBIX KOHTAKTOB [12], TOMOJOTHYECKUX HU30JIATOPOB
[25, 155], muddy3ubix cuctem [22, 39], HaHOTPOBOJIOK [9,
188] n xBaHTOBEIX TOuek [36, 37, 113], mapasuteTbHOW KOM-
ounaruu 0- u w-nepexogos [19, 189].

7.1. gy-n:x03edcoHOBCKUIT Mepexo

HA OCHOBe HAHONPOBOJIOYHOI KBAHTOBOIH TOYKH

B XBaHTOBBIX TOYKax HApyIIeHHE 00ENX CHMMETPHN MOXKET
OBITH JTOCTHTHYTO KOMOWHAIMEW BHEIIHETO MArHUTHOTO
TOJISI ¥ CIUH-OPOUTAILHOTO B3amMoieicTBus [36, 37, 113].
KoneuHoe 3eeMaHOBCKOE paCLIETJIEHUE ISl 3JIEKTPOHOB CO
ciuaoM "BBepx" u cnuHOM "BHM3" HapyIIaeT CUMMETPUIO
OTHOCUTENIbHO oOpaiennust BpeMeHn. C Apyroil CTOPOHHL,
HapylIleHne KupaIbHOH CHMMETPUN BO3HHUKAET MPH B3aUM-
HOM BimsiHUE SO-B3aUMOJEHCTBUS W MArHUTHOTO TMOJIS,
KOTJia B MPOIECcCe TYHHEJIMPOBAHUS IIPOUCXOIUT U3MEHEHHE
opOuTaM BHYTPU KBAaHTOBOMW TOYKH. B pabote C3ombaTu u
np. [27] coobiaeTcsi 0 MepBOid IKCIEPUMEHTAIBHON peaiu-
3aIAN (,-TIEpeXoa Ha OCHOBE HAHOMPOBOJIOYHOW KBAHTO-
BOW TOYKH, Te OBLIO MPOJEMOHCTPUPOBAHO, UTO CIBHT
(aspl ¢y MOXKHO KOHTPOJMPOBATH € IOMOILBIO 3JIEKTPOCTA-
THUYECKOr'0 3aTBOpa. BBUIO PacCMOTPEHO TYHHEIUPOBAHUE
9JIEKTPOHA Yepe3 KBAHTOBYIO TOUKY C ABYMSI OPOHTAJISIMH,
koTopele cMmemmBaroTcsl npu SO-B3aumoneicTsun. Korma
opOHTAIL HE MEHSETCs, BKIAJbl OT OOOHX IMPOIECCOB
KOMITEHCUPYIOT Npyr napyra. [Ipu m3amMeHeHUn opOUTaId BO
BpeMsl TYHHEJUPOBAHUS, MU3-32 B3aUMHOro BiusiHus SO-
B3aMMOJCHCTBUS M MAarHUTHOTO IOJIsl, KOMIIEHCAlUU HE
npoucxoauT. B manHOM cityyae mpuoOpeTaercs IOTMOJTHU-
TeJbHBIA (PA30BBI MHOXHUTEJIb, KOTOPBII 3aBUCUT OT
HAIPaBJICHUs] TYHHEJIMPOBAHUS U OTJIMYACTCS JIUIS JIEBOTO U
MIPaBOro MpoIlecCOB TyHHeMpoBaHus. Kak ciencrsue, nBa
mporecca He MOT'YT OTMEHUTD APYT APYra, ¥ 3TO MPUBOAUT K
HAPYIICHUIO KUPAJIbHOU cuMMeTpuu. Bennuumna ¢azoBoro
CHIBUTA ¢, 3aBUCUT OT MHTEHCHBHOCTH SO-B3auMoOaeicTBUS
¥ BEJIMYMHBI MAarHATHOTO TIOJISI B TUIOCKOCTH. Bbumm mpen-
CTaBJICHBI Pe3yJIbTAThI HAOJIIOICHNS HETPEPLIBHOTO M3MEHE-
HUS (Pa3bl B 1K03e)COHOBCKOM (-TIEPEXOIE B MATHUTHOM
1oJie B IJIOCKOCTH. B otimiue ot citydast Bin-plane = 0, CIBUT
(hba3pl OCHMIITIAIMNA HATTPSDKEHMSI B IOTOKE MIEPECTPanBACTCS C
TOMOIIBIO HANIPSDKEHUS HAa 3aTBOPE.

7.2. O0ycJ/10BIeHHbIH CIHH-0POHTATIBHBIM
B3auMo/ieiicTBHeM aHOMAJIbHbIH (a30BbIil caBUr

B /1:k03e()COHOBCKOM mepexo/ie Ha ocHoBe Bi,Sej
AHoMabHBIA (Da30BBIA CABHT ¢y MOXET OBITH IOJY4YEH B
CHCTeMaXx KaK C 36eMaHOBCKHUM ITOJIEM, TaK ¥ C YJIEHOM CITHH-
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Puc. 46. (B uBete onmnaiin.) I3mepenne anomaabHOTO caBura ¢asbl. (a) DCKU3 YCTAHOBKHU, COCTOSIIEH U3 IBYX 1K03e(COHOBCKUX MHTEPHEpOMET-
poB ([IV), U3rOTOBJIEHHBIX HA OJHOM 4YHIIE. DTAJOHHBIE U aHOMaJbHblE [V HMEIOT OJWHAKOBYIO ILIOMIANb, COOTBETCTBEHHO S U Sper, N
S~ Sper = 20,6 MKM?. AJTIOMHHUEBbIE 3JIEKTPOIBI UMEIOT ToJuHy 20 HM. (6) KapTa HanpskeHuit, I0Ka3bIBaIoNIas OCUUUISIAN KDUTHIECKOTO TOKA
JIBYX YCTPOUCTB B 3aBUCUMOCTH OT MarHUTHOI 0 11oJ1st B. (B) YacToTa oclulIsIMii MOXET ObITh M3MEHEHA Iy TEM MEXaHMYECKOI 0 HAKJIOHA 00pasna, T.e.
myTéM M3MeHeHMsi yria ( MexIy IUIOCKOCTBbIO, COAepXKalleil CBEpPXHMPOBOISLIYIO NETJIO, U MAarHATHBIM mojieM B. LIBeTHbIe CTpesKM CIyKat
OPHUEHTHUPOM [UJIs [J1a3, YTOOBI IOMOYb BU3YaJIM3UPOBATD YBEJIMYEHUE CBUra (a3bl B aHOMaJIbHOM ycTpoiicTse. (U3 pabotsl [28].)

opbutanbHOil cBsi3u Pambst Hg = (o/h)(p X €,)6 B raMuIIb-

toHuane [6, 39], rae o — koappunuent Pambdwl, e, —

HAIpaBJIEHUE JJIEKTPUYECKOTO MoJisi Pambbl, 6 — BeKTOp
matpun [Taynm, onuceiBaromux ciuH. OU3HYeCKH 3TH WICHBI
MPUBOJIAT K CIIMH-UHAYIIMPOBAHHOM JTepa3upoOBKe CBEPXITPO-
BOJISIIIIEH BOJTHOBOM (DyHKIIMH.

AHoMaJIbHBIN (Da30BBIA CABUT CBSI3aH C OOpATHBIM 3(-
(dexToM DpenbliTeiiHa, HAOIIOJIaeMBIM B MeTajllaX WIIU
TMOJIyIPOBOTHUKAX C CHJIbHOU SO-cBs3bio. B To Bpems kak
3 deKT DaenbInTeiiHa 3aKITI0YaeTCs B TeHEPAIIMN CIIMHOBON
MOJISIPU3AIIK B OTBET Ha 3jeKTpuyeckoe noJe [190], o6pat-
HbI 3¢ dexT Daenbiureiina [191], Takke Ha3bIBAEMBII CIIMH-
raJibBaHU4eCKUM 3PHEKTOM, 3aKJIFOYACTCS B TeHEpAllUU 3a-
PSIOBOTO TOKA HEPABHOBECHOW CIIMHOBOM MOJISIpU3AIUEH.
DTH J1Ba MarHUTOIEKTPUUECKHX dPQeKTa TakkKe BO3HH-
KaroT B CBEPXIPOBOTHIKAX KaK CJIe[CTBHE WieHa Tumna JIud-
muIa B cBoOoAHOM 3Hepruu [26, 192]. Takum oGpazom, B
CBEPXIPOBOJAHUKE C CHJILHOH CBsI3bI0 PaIobl 3eeMaHOBCKOE
MoJie MHAYIUPYET MOTOJHHUTENbHBIA 4JIeH B CBEpXTOKe. B
JK03e(DCOHOBCKMX KOHTAKTaX 3TOT WIEH MPUBOAMUT K aHO-
MastbHOMY caBury ¢aszsl B TOC [39].

AHOMaJILHBIN (Da30BEIA CIBHUT ¢y MOXET OBITH OOHAPY-
KEH SKCHEPUMEHTAJIbHO B JIXKO3e()COHOBCKOM HMHTEp(epo-
metpe (W) nocpencreom uzmepenuss TOC. AHomanbHbIC
(a3oBble ciBUrK OBLIM HeTaBHO UAcHTH(GUIUpOBaHbI B U,
CO3/IAaHHOM U3 MapaJuIeJ]IbHOW KOMOUHAIIMA HOPMAJIbHOT O
0- u m-nepexona [27], KOTOPHIA HAPYIIAET CHMMETPUIO YET-
HOCTH.

Biarogaps 6osbiiuM 3HaveHusM g-pakropa (g = 19,5)
[193] u ko3 dunuenta Pamdsr BiySes sBasercs MHOroobe-
[IAFOIIAM KaHIAJATOM IJTsI HAOIFOICHUST aHOMAJIBHOTO 3(-
¢dexra Ixo3edcoHa m3-3a B3aMMHOTO BIIUSTHUSI 36EMaHOB-
ckoro noJist 1 SO-B3auMOIeHCTBHS.

Kax noapo6Ho onrcano B [26, 39], aMIInTy1a aHOMaJIb-
HOU (pa3bl 3aBUCHT OT aMIUIUTY bl KO3 dunmenta Pamosr o,
IPO3PAYHOCTH TPAaHUI] pa3felia, YWICHOB CIIMHOBOMW peslakca-
Y, TakuX Kak koadurment AbskoHoBa — [lepens, u Toro,

HAXOJMTCS JIX Iepexo/] B OATTUCTHYECKOM WK TU(PPy3HOH-
HOM pexuMe. [Ipenckas3bIBaeTcsl, YTO MPU MaJIbIX 3HAYECHHSIX
o aHOMaJbHAs (a3a MPOMOPIMOHATBHA o, TPH OONBIIIX
3HAYCHUSIX OHA JTOJDKHA OBITH MPOTOPIIMOHAIIBHA o,

B OGammctudeckom pexume [6] u a1 OOJBIUX o aHO-
MaJTbHBII (ha30BBINA CIBHT 3aMaéTCs Kak ¢y = 4Ezo L/ (hvg)’
JUISE MATHATHOTO TIOJISI BEJIMYMHOW B, MepHeHIUKYISIPHOTO
anekTpuieckoMy mosro Pamibel, rone Ez = (1/2)gugB —
sHeprus 3eeMaHa, L — paccTOsTHIE MEXy CBEPXIIPOBOTHH-
KaMH, vgp — cKopocTh Pepmu GapbepHOro Matepuana. s
CIMH-PACHICTUIEHHOW 30HBI MpoBoguMOCTH Pamlbr ¢
x=04 9B A, vp =32x 105 M ¢! u wmHON mepexoxa
L =150 am marautHOoe mosie B =100 mTn remepupyer
aHomaibHyIO0 a3y ¢, ~ 0,01, Torga Kak IS COCTOSHHI
Hupaxa c vp = 4,5 x 10° M ¢~ Besmuuna ¢, ~ 0,0057 [28].

B mupdy3moHHOM pexuMe OXHIaeMBI aHOMAaIbHBIN
(azoBblil caBur ObLT paccunTaH B pabote [39]. dis cnadbix
o/, BBICOKOTIPO3PAYHBIX TPAHUIl pa3jiesa U MPeHeOpeKeHUs
CIIMHOBOM pejlakcanueil aHoMaJIbHbI (Da30BbIN CABUT OIpE-
JIeJISIeTCsl COOTHOILICHUEM

tm*2Ez (aL)?
=— " 81
Po 355D ( )
rne t=0,13 nc — Bpems ympyroro paccesHusi, D =
= (1/3)vEt =40 cm? ¢! — nocrosmuas muddysnn, m* =

= 0,25m, — adexTuBHAS Macca 3exkTpoHa [194].

UYTO0OBI IPOBEPUTH ITH TECOPETHYECCKHE MIPEACKA3aHUS, B
pabote [28] Obu1 mpurotoBieHn Il u mxo3edcoHOBCKU
unteppepomeTp u3 BirSe;. [To maHHBIM U3MepEHHI OTHOCH-
TeJapHOrO casura (asel Mexmy asyms AU ¢ pasiamaHOi
opuenTanueil Il oTHOCHTEIBHO MarHUTHOTO IIOJISI B ILIO-
CKOCTH ObLI OIpeaeIéH aHOMAaJIbHbIN cIBUT (a3bl, COOTBET-
cTByroumii Gpopmyine (81). PesynpraThl mpenctaBiieHbl Ha
puc. 46, 47 u B Tabsuie.

B otcyrcTBHe Oecropsiika aHOMAJIBHBIA CHBHUT (Da3bl,
HHAYIMPOBaHHBIH SO-CBs3bI0 PamiObl, MOXET TeHepUpo-
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Puc. 47. (B usere onaiin.) CpaBHenue yactot JU kak ¢pyHkuuii yria 0.
(a) Kputnueckuii TOk noxasaH kak (GpyHKust MarautHoro noJist. Kpacunas
¥ CHHSISI KPUBBIC COOTBETCTBYIOT 3TAJIOHHOMY U AHOMAJIbHOMY yCTPOM-
CcTBY cooTBeTCcTBeHHO. Ilockosbky kpuTmueckuii Tox Oousbimoro U
YMEHBIIAETCS C MarHUTHBIM IIOJIEM, 3TO NPHBOIUT K YMEHBIICHUIO
(hoHa, yCTAHOBJICHHOT'O AJIs1 00OMX YCTPOMCTB U IIOKa3aHHOT'O CILIOIIHbI-
mu JiHAIMH. (6) KpuTrdeckuit TOK Kak (yHKIUSI MATHUTHOT'O MOJIsL, IPH
KOTOpPOM (hOH, 0003HAYEHHBIH CIUTOIIHBIME JTUHUSIMHA Ha PHC. 4, BBIYU-
TaeTcs. AHOMAJIBbHOE YCTPOMCTBO IOKA3bIBACT OOJBIIYIO YacTOTY OC-
IUJUTSIUR, 9eM KOHTPOJIbHOE YCTPOMCTBO. lIBeTHBIE TOUKH IIOMOTAIOT
BH3YaJIM3UPOBAThH YBEJINYCHHYIO YaCTOTY aHOMAaJIbHOI'O YCTPOWCTBA
(CHHHE TOYKH) IO CPAaBHEHHIO C ITAJOHHBIM YCTPOMCTBOM (KpacHble
Toukn). ABa AU sBiisiroTCcs CHH(A3HBIMU TP ¢J1a60M MarHUTHOM I10JI€
¥ CMCIUEHHBIME IO (haze NPH CUIBHOM MAarHUTHOM IOJIe, IIPH 9TOM
AQHOMAJIBHBINA cOBHT (ha3bl JOCTHTAET ¢, ~ T aiasi B ~ 100 mTa. Iepu-
OZIbI CPAaBHUBAIOTCS OJIMH 32 APYTUM, U CPEIHEE H3 COOTHOILEHHH 32 OIHH
nepuoa MaéT 3HAYECHUE /Wrer. (B) OTHOIICHHE YacTOT OCHMJUISIUI
n300pakeHo Kak (yHKIus yria 0. be3 reHepanun aHOMaJIbBHOTO CIBUTA
(a3l 9TO OTHOIICHNE AOJDKHO OBITH NMOCTOSIHHBIM H PaBHBIM IOBEPX-
HOCTHOMY OTHOIICHUIO S/S;ef =~ 1. DTO oTHOLIEHHE pacxoauTes Kak 1/0
s maibix 0, xak mokazaHo ypaHeHuem (82). IToaronka kpuBoit
ypaBHeHueM (82) O3BOJISET ONpPeIeuTh KOIGUIMEHT ClIMH-0pOUTAIIb-
Hoii cBsi3M o. (VI3 paboTs [28].)

BaThCs TOJBbKO MarHUTHBIM IojieM B, B miockoctu. Kapra
HAIPSDKEHWM, TpeJcTaBieHHass Ha puc. 460, mokas3biBaeT
OCIUJUISIIIAN KPUTUYECKOTO TOKA JBYX YCTPONCTB B 3aBUCH-
MOCTH OT MarHuTHoro moJsisi B. Kputuueckuii Tok oboux
YCTPOUCTB OCHMJUIMPYET U3-3a MEePIEeHIUKYJISIPHON COCTaB-
JISTFOIIER MarHUTHOTO 1oJs B. = Bsin 0. YacToTa ocuuiis-
Ui MOXeT OBITh U3MEHEHA MyTEM MEXaHIIECKOTO HAKJIOHA
obOpasna, T.e. myTéM U3MEHEHUS yriia ) MeXy MIOCKOCTHIO,
coJiepKallleil CBEPXIMPOBOJISIIYIO TETII0, U MATHUTHBIM
nosieM. BceneactBue aHomanpHOro ciasura (asbl yactora
AQHOMAJILHOTO YCTPOKCTBA OOJIbIIIE ITAJIOHHOTO.

Ha pucynke 47 npuBoautcst cpaBHenue yactot AU xax
¢ynknuit yria 0. [TockoIbKy KpUTHYECKHH TOK OOJBIIOTO
AW yMeHbIIIaeTCs ¢ YBEJIMYCHUEM MATCHUTHOTO MOJISI, 3TO
OPUBOJUT K YMEHBLICHUIO (POHA, YCTAHOBJIEHHOIO JIS
000UX YCTPOWCTB U MOKAa3aHHOTO HA PUCYHKE CILTOIIHBIMHU
yausIME. Kak BUIHO, aHOMAaJIbHOE YCTPOMCTBO XapaKTepu-
3yeTcst OOJIbIIeH YaCTOTONW OCHMJIISINIA, YeM KOHTPOJIBHOE.

3*

Tabmmua. AHOMasbHBIE cIBUTH (Ba3bl, mostydeHHbie npu B ~ 100 mTu, u
CpaBHEHME C Teopuei

0=0,1°[0=0,22°| 8 =0,46° | Bayumc- |Cocrostane| dudpdy-
Tuyeckuit | JAupaka | 3MOHHBIN

pexum pexumM

@y | 0,88n 1,01n 0,851 0,01n 0,0057 0,941

HBa JU sBisitoTcsi CHH(pA3HBIMU TIPU CJIA00OM MATHUTHOM
1moJjie U CMEIEHHBIMU O (pa3e MpU CHILHOM MarHUTHOM
MoJjie, MpU 3TOM aHOMAJIbHBIN CBUT (Da3bl JOCTUraeT 3Ha-
yeHus ¢, ~ 1 1 B ~ 100 mTi. Ha pucynxke 478 oTHOLLIEHHE
4aCTOT OCHUJUISAIUI n300pakeHo kak QyHkuus yria 0. be3
reHepanuu aHOMAaJbHOTO CcABHTa (a3bl 3TO OTHOIICHHE
JIOJKHO OBITh TOCTOSIHHBIM U PABHBIM IOBEPXHOCTHOMY
OTHOWICHHIO S/Sier ~ 1. BbLIO MOJIy4eHO, YTO 3TO OTHOIIIE-
HHe pacxoauTcsi Kak 1/0 s manbix 6 B COOTBETCTBHHU C
ypaBHEHHEM

@ S Co, P9
— (0) = — Po . 82
Wref ( ) Sre[' + 2TCSre[‘ tan 9 ( )

IMoaronkoii kpuBo# ypaBHeHHeM (82) ompeesseTcs Kod3d-
(UIUEHT CTUH-OPOUTAJIBHOW CBS3H A.

B tabimne npuBeaeHbl aHOMANIbHBIE CABUTH (a3, MOJTy-
4yeHHbIe pu B ~ 100 MT 1, a Takke TeOpeTHUECKIE 3SHAUCHUS.
B Tpéx mepBbIX cTOJIONAX MOKa3aHbI AaHOMAJIbHBIE (Pa30oBbIe
CABWUTH, WU3BJICYEHHDbIC M3 IMOCIECOHMX Y3JI0B OCHMJUISIIUN
KPUTUYECKOTO TOKAa, MOKAa3aHHBIX Ha puc. 47, ais Tpeéx
KPUBBIX, B3ATBIX NOJ pa3HbIMU yriamu (. B mocnemnux
TPEX CTOJIOIAX TOKA3AHBI PACCUNTAHHBIE AaHOMAJIbHBIE (ha30-
BbIE CABUTH B OAJJIMCTUYECKOM PEXHME [JII COCTOSHUHN
IIPOBOJUMOCTH ¢ pacuienenueM Pamobsl, cocrosiuit upa-
Ka 1 B JU(PPY3HOHHOM PEXKUME JIJIsI COCTOSTHUI MPOBOIUMO-
ctu ¢ pacuierienneM Pamosr. [1pu TeopeTnyeckux pacuérax
WCIIOIb30BaNNCh 3HavueHus o = 0,4 5B A IJIS. COCTOSIHUIA
MPOBOJIMMOCTH C paciierienneM Pamosr u o = 3 3B A s
coctosiHuii Jupaxa.

7.3. KoHTpoJmpyemblii 3aTBOPOM aHOMAJILHBII (pa30BbIii
CABHI B J1K03eCOHOBCKOM mepexojae Ha ocHoBe Al/InAs
Kax yxe ormeuaniocs, AJE Ob11 npoemoncTpupoBasn B 11
Cc HaHOMPOBOIaMu InSb B reoMeTpruu KBAaHTOBBIX TOUEK [27] 1
coBceM HenaBHO B [II1 c ucnosib3oBanueM BipSes [28]. B AT ¢
KBaHTOBOW TOYKOM cIBUT (Da3bl MOXKET U3MEHSATLCS HANPS-
JKEHHEM Ha 3aTBOPE, HO OIPAHMYEH Te€OMETpUel U MoAmep-
JKMBAeT TOJBKO HECKOJILKO MOJ, ciemoBatesbHO, B JIIT
peanu3yroTcss HeOOJNbIMe KpuTHYeckue TOku. Ha ocHoBe
TOMOJIOTHYECKOT0 u3oJiaTopa BirSe; Bo3MoxHa peasmsa-
S IJIAHAPHOTO (-TIEPEX0/IA, OJTHAKO B 3TOM CJIydyae CIBUT
(ba3bl HE MOXET MEPECTPANBATLCS HANPSIKEHUEM Ha 3aTBOPE
[29, 177]. TetepocTpyKkTyphl, 0Opa3oBaHHbIe InAs 1 amuTaK-
CHATBHBIM cBepxnpoBosumM Al [195], sBisitoTcst mepemnek-
THBHBIMH HE TOJIBKO JUISI ME30CKOIMUYECKOW CBEPXIPOBO-
numoctH [196], Ho Takxke ISl pean3anuu TOMOJIOTHYECKOU
CBEPXIIPOBOJIMMOCTH U MalOpaHOBCKUX (epMUOHOB [197].
DTO CBA3AHO C TEM, YTO MHAYLIIPOBAHHASI CBEPXIIPOBOASIIAS
meib Aing B InAs MoXxeT OBITh TaKO# ke OOJIBIION, KaK U B
Al [198], a InAs umeer Gombinme g-pakTop U CHMH-OPOU-
TajbHyro cBs3b. Kak cinencrsue, [I1, W3rotoBjieHHBLIN Ha
9TOM IIaThOpPME, MOKET UMETH OOJIbIION KPUTUIECKUNA TOK
U BBICOKYIO mpo3pavHocTh [177, 199]. Kpome Toro, MoxxHo
yIpaBisaTh BeauunHo SO-CBSI3U, U3MEHSSI TUIOTHOCTh InAs
4yepe3 BHeIIHu 3aTBOp [200].
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Puc. 48. (B usere onuaiin.) ConpoTUBIIEHHE YCTPOMCTBA Kak (HYHKIHMs (PA30BOr0 CMEILEHHUS, IPUIOKEHHOTO K CKBUY, M TOKA MPH TPEX pa3JIMuHbIX
3HAYECHHUSAX TOJISA B), B IUIOCKOCTH M TPEX PA3JIMIHbBIX 3HAYCHUAX HANIPSDKEHUS Ha 3aTBOPE ng. Bo Bcex ciyuasx Vg1 umeet 3HaueHue —2 B. [TynktupHas
OpamXeBas JMHHS yKa3bIBaeT MOJIOKCHHE MAKCHMyMa KOJIeOaHHU IpH ng = —4 B. OpamxeBble 3BE3IbI YKa3bIBAIOT IOJOXKEHIE MaKCUMyMa IIPH
KaXXIOM 3HA4eHUH MarHuTHOro noJist. (13 pabotst [29].)

B03MOXHOCTb M3MEHEHHS! BEJIMYMHBI AHOMAJILHOTO
caosura (aser B AI1, o6pazoBanHOM Ha ocHOBe InAs u Al,
00YCJIOBJICHA BO3MOXHOCTBIO BAPHHUPOBATH MHTEHCUBHOCTH
SO-cBsi3u uepe3 BHelHuM 3aTBOp [29]. Habnronenne koneu-
HOTrO ciaBura ¢asbl ¢, yKa3bIBaeT Ha CBSI3b Pa3HOCTH (a3
CBEPXIIPOBOJIHUKOB, JIEKTPUUECKOrO0 TOKA M CHHMHA B ITHX
reTepocTpykTypax. CiBur (a3l npu pa3InyHbIX 3HAYCHUSIX
MAarHUTHOTO TIOJISI B TUIOCKOCTH W HATIPSDKEHUSIX HA 3aTBOPE
IPOJIEMOHCTPUPOBaH Ha puc. 48, a sposronust (Ha3oBoro
CABUTA MpeACTaBJIeHA HA puc. 49.

BenrmumHa ¢, mponopuroHajibHA 3HEPTHM 3eeMaHa U
0Ka3ajach HAMHOTO OOJIbIIIe, YeM MPHUBEAEHHBIE TEOPETHYE-
ckue omneHkn. CKopee BCEro, 3TO CBSI3aHO C TEM, YTO TaKoe
MacHITabupoOBaHUE CIPABEIMBO /ISl JUIMHHOTO Mepexo/ia ¢
HECKOJIbKUMU KaHaJIaMH, YTO HE UMEET IIPSIMOI'0 OTHOIIEHUS
K HCCJIEOBAHHOHI CHCTEME.

Peanm3anust Oonblmmx 3Ha4eHHI caBura ¢asel @) U eé
MEePECTPONKA OUYEHb BAXHBI JJIs1 NMPUJIOKEHUN B CBEPXIIPO-
BOJTHUKOBOW CIUHTPOHUKE, e OOJIbIINE CIMHOBBIE Tpa-
JNIUEHTHI MOTYT HUCIOJIb30BATHCS IUISI CO3JaHusl (a30oBOM
OGatapeu [1]. DTO OTKpBIBAET BO3MOXKHOCTh I€HEPUPOBATH
KOHTPOJIUPYEMBIM OOpa3OM CIHMHOBBIE T'DAJUEHTHI 4epe3
JK03e(pcoOHOBCKUE TOKM MM cMmellieHue ¢a3bl. Bo3zmMox-
HOCTb JIOCTHXXEHHSI B TeTepocTpykTypax InAs/Al 6osbiioit
BEJINUMHBI )y W TOT (HaKT, YTO OHA CHJIBHO 3aBUCHT OT
MJIOTHOCTH INAS, UMEIOT MPSMOE OTHOIICHUE K YCHITUSIM IO
peaau3aniy TOMOJOTHUYECKUX CBEPXIIPOBOISIINX COCTOSHUM
[201, 202].
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Puc. 49. Dororust (Ha30BOro CIBUra B JHKO3e(COHOBCKOM MEpEeXo/Ie
7.4. {xo3edconoBckue ¢a3oBbie GaTapen CKBUA KaK (DYHKIMSI HANIPSDKCHUS] HA 3aTBOPE ng (a) ¥ IPUIIOKEHHOTO
®dazoBas 6aTapest ABJISIETCS KBAHTOBBIM YCTPOMCTBOM, KOTO- ~ MAriuTHOro nois. (6) Cusur daset Ag H3MepseTes MeXy KoeOaHu-
2

poe 06€CH6'-II/IBaeT HeSaTyxa}OH_ICC (HOCTOﬂHHOC) CbaSOBOC MU TIpUA 3aJaHHOM 3HAY€HUUN Vg ¥ KOJIcOaHUSIMU npu —4 B, HCIIOJIb-
CMeEIeHEe TSt BOHHOBOﬁ d)yHKHI/IH KBaHTOBOﬁ nenu u 3YEMBIMU B Ka4Y€CTBE JTaJIOHA. Ha PUCYHKE 0 CIUIOIIHBIE JIMHUU COOT-
N . BETCTBYIOT JIMHEHHBIM IOJArOHKaM K HU3MepeHHbIM caBuraMm das. (M3

MpeACTaBJISieT cOOOM KIIIOUEBON AJIEMEHT [IJII KBAHTOBBIX paGoTsi [29].)

TeXHOJIOl"HfI, OCHOBAHHBIX HA KBAHTOBOU KOI€pCHTHOCTH. B
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Puc. 50. (B uBere onnaiin.) Jxo3edcoHoBckas pazoas Oatapes. (a) KonuenryanapHas cxema mxo3ecoHOBCKOU (ha3oBoit GaTapen, cocTosiei u3
HAHOIPOBOJIOKH InAs (KpacHBII IIBET), BCTPOSHHOM MeXy ABYMsI CBEPXIIPOBOASIIIMY IOJIFOCAMY (CHHUI), TPpeoOpasyrolell CHHHOBYIO MOJISIpH3a-
IIUIO TIOBEPXHOCTHBIX HECIIAPEHHBIX CIMHOB (KENTHIN) B (pa3oBbIil cABUT (. (6) CxeMaTHuecKas MILTIOCTpanms ruopuaaoro (InAs-HaHONpoBOIOKA —
AJTFOMUHUI ) CKBUI-HHTEp(dEpOMETpa, HCIOJIb3YEeMOTo s KOJIMYECTBEHHOT O Onpe/ielieHns pa3oBoro ciBura ¢, cosaasaemoro ayms JIIT (kpacHsiii).
Kosp1io J€XHUT B MJIOCKOCTU X—) ¢ HAHOHNPOBOJIOKOMH, MapasulebHOl ocu x. MaruutHoe mosie B., IPOHU3BIBAIOIIEE KOJIBIO, HCIOIb3YETCs ISt
MOIYJISILIAKA KPUTHYECKOTO TOKa cKkBHAA (Ig), U3MEPSIEMOTr0O € MOMOIIBIO YeTBIPEXTIPOBOAHOI yCTAHOBKH. ] — TOK, HPOTEKAIOIIHi Yepe3 untepdepo-
MeTp, AV — pe3yabTHpYIOIee aIeHIe HAPSDKEHHS Ha yCTpoiicTse. (B) HecooTBeTcTBYrOImIEH OKpacky H300paskeHe B CKAHUPYIOIIEM IeKTPOHHOM
MHKPOCKOIIE aKTUBHOM oOjacTu (pa3oBoit GaTapem, cOCTOsIeN U3 JIBYX ()-HEpeXOn0B. B, — MArHUTHOE MOJIE B IUIOCKOCTH, OPTOrOHAJILHOE
HaHonposony. (r) Temneparypras 3aBucumoctb R(T') conpoTuBiieHus nHTEpdepoMeTpa B HOPMAJIBHOM COCTOSIHHH, ITOKA3bIBAIOIIAsi KOHIOBCKUI
HOABEM NPU HU3KUX TEMIlepaTypax, 4To corjiacyercs ¢ GpoHOM MarHuUTHBIX mpumeceil. ITo mojaronke (kéiaras KpuBas) OLEHHBACTCS CHUHOBAS
IJIOTHOCTDH ~ 4 ppm. (1) [Tagenue Hanpsbkenust AV, u3MepeHHOe Yepe3 CKBU/I, OT TOKA CMEIIeHus1 / 1 MAarHUTHOTO oToka @. 3eséHast JIMHUS SIBIISICTCS
HAMJTy4IIeH TTOJrOHKOM [T KPUTHYECKOTO TOKa CkBuaa Is(P), onpeenseMoro rpaHumeit paszesna Mexay 6e3UCCUIATHBHBIM (KpacHast 001acThb) u
JIUCCHIIATUBHBIM pekuMmamu (mBeTHast). (¢) 3amuch AV(®P) u3 (1) [uIs ABYyX BBIOPAHHBIX 3HAYCHMI TOKA CMEIIEHMs (HWUXe U Bbiie 2/;), KoTopas
JIEMOHCTPHPYET (-IEPUOIUIHOCTH KaK B Oe31UCCUIIATUBHOM, TaK U B AUCCHIATHBHOM pexuMe. JJanuble B (1) 1 (e) ObLIM 3amucaHbl IpH TEMIepaType

BanHbl 80 MK. (13 paboTsr [30].)

padote [30] coobiaeTcss 0 MEPBON IKCIEPUMEHTAJIBHOMN
peanm3amun ($a3oBoil GaTaped B THOPHIHON CBEPXIPOBO-
nseid nenu. OHAa COCTOUT U3 N-JISTUPOBAHHONW HAHOIPO-
BoJIOKM InAs ¢ HecmapeHHBIMH CIIMHOBBIMH MOBEPXHOCT-
HBIMH COCTOSIHUSIMHU, TPOKCUMUTU3UPOBAHHOW aJTFOMHHHE-
BBIMHU CBEPXIPOBOSIIAME KOHTakTaMu. PeppoMarHuTHas
TOJISIPU3aNUsl HECTIAPEHHBIX CIUHOBBIX COCTOSHHMA 3 dek-
TUBHO IpeoOpasyercs B MOCTOSIHHOE cMelleHue (asbl @
BJI0JIb IPOBOJIOKH, YTO IPUBOJUT K aHOMAJILHOMY 3 deKTy
Jxo3edcona [6, 39]. [TocpeACTBOM MPUIIOXKEHHS BHEIITHETO
MAarHUTHOTO TIOJIsl B TUIOCKOCTH JOCTUTAETCsl HEeMPEPhIBHOE
M3MEHEHHE (0, YTO IO3BOJISET 3apsDKaTh U pa3pspkaTh Oa-
tapero. CoBmectHoe aericTBue SO-CBA3WM M OOMEHHOTO
B3aUMOJCHUCTBUS HApyIIaeT (Ga30By KECTKOCTh CUCTEMBI,
00YyCJIOBIIMBAs CUJIBHYIO CBSI3b MEXAY 3apsiioM, CIIMHOM U
(bazoii. DTa B3aMMOCBS3b OTKPBIBAET IIIMPOKHE EPCIIEKTUBLI
JUJISL TOTIOJIOTUYECKUX KBAaHTOBBIX TeXHOJ0THiA [1].

Boxosbie rubpumabie 11, MpUroToBJICHHBIC U3 MaTepUa-
JIOB ¢ cHUIbHBIM SO-B3auMoielicTBUEM [27] MM TOTIOJIOT ye-
CKUX U30JIATOPOB [28], MPeACTaBISIOT UACAIbHDIC BADHAHTHI
JUJIS CO3JIAaHUS ((-TiepexooB. bokoBoe pacnosyioxkeHne Hapy-
IIAeT CHMMETPHIO MHBEPCHU M O0ECIICUHBAET €CTECTBEHHYIO
MOJISIPHYEO OCh Z, TIEPIIEHINKYJSIPHYIO HATIPABJICHUIO TOKA.
Bonee Toro, cimHOBas mojisspu3anus 3JEKTPOHOB S, UHIY-
IUPOBAHHAS JINOO 3e€MaHOBCKUM MOJIEM, JTHOO OOMEHHBIM
B3aUMOJCHUCTBUEM C YNOPSAOYCHHBIMH MATHUTHBIMH TPH-
MeCSIMH, HApYIIaeT CAMMETPUIO OTHOCHTEIBLHO OOpaIeHus
BpeMeHH. B pe3ymbraTe CTpykTypa HpHOOpETaeT TOpo-

HIATBHYIO CHMMETPHIO, OTTUCHIBAEMYIO aHATIOJILHBIM MOMEH-
TOM t ~ (£ X §), COXpaHsIsi MATHUTORJIEKTpHIECKUE P HEKTHI
B npucytctBun SO-B3auMojeiicTBus. B aTom ciydae aHo-
MaJIbHBIE CABUTH (py YHPABJISIOTCSA HHBAPHAHTOM JIH(IIHU-
LIEBCKOI'0 TUIA B cCBOOOAHOM 3Hepruu (F1,), KOTOPBIA MOXKHO
COCTaBHUTHh M3 MPOW3BEICHHS AHAIOJBHOIO MOMEHTA H
cBepxTeKyuei ckopoctu [39]:

FL o~ f (o ) (g X 2)vs, (83)

rne f(a,h) — HeuéTHast QyHKIWSI MHTEeHCUBHOCTH SO-B3au-
MojeicTBust Pammbsr o, i — 0OMEHHOE MJIM 3eeEMaHOBCKOE
MoJie, N, — SIUHUYHBIA BEKTOP, YKA3bIBAOIINI B HATIPABJIC-
HUM TIOCJIETHETO, Vs — CBEPXTEKYUasi CKOPOCTh KYNEPOBCKUX
nap, nporekaromux B JI1. CkansipHoe TpoiltHOE Ipou3Be/Ie-
HIHE OIIpefiefIsieT BEKTOPHBIC CHMMETPHH ¢y, B TO BpeMs KaK
BEJIMYMHA CIBUTA 3aBHCUT OT CHENU(PIUECKAX MUKPOCKOIIH-
YeCKHMX JleTaliell oOpasma, a TakkKe OT MaKPOCKOMMYECKIX
BEJIMYMH, TAKUX KaK TeMIepaTypa.

Kax nokazano Ha puc. 50, pazoBas 6atapes COCTOUT U3
JTI1, u3roTOBJIEHHOTO Ha OCHOBE INAs-HaHONIPOBOJIOKH, 3a-
KJIFOYEHHON MEXIY IBYMS CBEPXIPOBOISIIAMHA MOJIOCAMHA
Al. CBepxTOK, a 3HAYHT U Vg, IPOTEKAET BJOJIb HAHOIPO-
BOJIOKH (X-HAIlpaBJIEHUE) OPTOTOHAIBHO BeKTOPY SO-B3an-
MoieiicTBUst Pamiobl, yka3bIBaromeMy TIOCKOCTD MOTIOKKH
(z-nampaBiieHue). B TO# ke HAHONIPOBOJIOKE TOBEPXHOCTHBIE
OKCHIIbI MIH JeGeKThl TeHEPUPYIOT HeCHapeHHBbIE CIUHBI,
BeAyIIre ceOs Kak MarHUTHBIE TIpuMecH (0003HAUYEHBI JKE-
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TBIMH CTpeJIKaMH Ha puc. 50a), KOTOpbIe MOXHO MOJIIPU30-
BaTb BJIOJIb y-HAIIPABJICHHUSI, YTOOBI 00eCneuynTh 0OOMEHHOE
B3aUMOJICCTBUE /i B 3TOM HAIMPABJIEHUU. DTO MPUBOIUT K
KOHEYHOMY TPOWHOMY NpOU3BEACHUIO B ypaBHeHuu (83) u,
clIe1oBaTe/IbHO, K aHOMAaJbHOMY cABUTY (a3bl ¢,. M3-3a
(eppOMArHUTHOTO TMOPSIAKA HECIAPEHHBIX CIMHOB CIBUT
(asel coxpaHsieTcs Jaxe B OTCYTCTBHE NPUJIOKEHHOTO Mar-
HutHOrO ToJist. Ma3oBas Gatapest mpeobOpasyer peppomar-
HUTHBIA MOPSIAOK B KBAHTOBBIN cABHUT (asbl. B padore [30]
[IOKa3aHO, YTO CABUI () MOXET TAKXE KOHTPOJUPOBATHCS
36€MaHOBCKUM B3aWMOJICHCTBUEM C BHEITHMM MarHUTHBIM
nosem B. CkaHMpYs COBHTH ¢, 1O BCEM HANPABIICHUSM
MJIOCKOTO MAarHUTHOTO TOJISl, aBTOPHI MOKA3aJId TeOMETPH-
4eCKOe MPOUCXOXKICHHE AaHOMAJIBHON (Da3bl, ONMUCHIBAEMOM
ypaBHeHueM (83).

7.5. KpHoreHnplii 271eMeHT MaMsATH

HA OCHOBe aHoMaJibHOro 3¢ dexra /I:x03edcona

BaxHoii mpobiaeMoil U1 3JeMeHTa HaMSITU SIBJISIIOTCS
3¢ dexThI, 00YCIOBIICHHBIC HEN30EKHBIMHU TEIIOBBIMU (JTyK-
TyarmusiMu. B pabote [66] ObLT mpeAcTaBiIeH MCUEPITBIBAIO-
I aHaIM3 LIymMa B JMHAMUKE @(-TIepexoja ¢ Y4€ToM
BJIMSIHUSI CTOXACTHYECKUX TEIUIOBBIX (urykTyanuit. Muaymm-
pOBaHHAS TOKOM MAarHUTHas OUCTAOMJIBHOCTH MO3BOJISET
OTPEACTUTH IBa XOPOIIO Pa3JIMYMMBIX JOTHYECKUX COCTOSI-
HUSI M UCCIIEIOBATh YCTOMYMBOCTD TAKOW MaMSITH K 3(dek-
TaM IIyMa. belia mpeioxkena cxema CUuThIBAHMSI, OCHOBAH-
Hasi Ha YIIPaBJISIEeMOM TOKOM ckBuze (puc. 51), B KOTOpOM He
TpebyeTcsl TOMOJHUTENbHBI MAarHUTHBIA MOTOK [JISl yCTa-
HOBKM ONITUMAJIbHON paboueit Touku. Kpome Toro, o6cyx-
JlaJlach MHTPUTYIOIIAsl BO3MOXHOCTE d(GEKTUBHOTO IKpa-
HUPOBAHUSI COCTOSTHHSI TAMSITH C TIOMOIIBIO CTPOOUPOBAHHUS
HANPSDKEHUSI B YCTPOICTBE, 0Opa30BaHHOM (eppOMArHUT-
HBIM CJIOEM C JIMHEHHBIM MO HUMIIYJbCY YJIE€HOM CIUH-
opbOuTtanbHOU cBsi3u [peccenbxaysa.

B pabote [66] npeaioxkeH 3HEPTOHE3aBUCMBII 3JIEMEHT
MaMsTH Ha OCHOBE OOKOBOTO (heppOMArHUTHOTO JIK03e(Cco-
HOBCKOT'O TMEpexoda CO CIHH-OPOUTATBHOU CBSI3bIO M BHE-
IJIOCKOCTHON HaMarHW4eHHOCThIO. B3aumoneiicTBue Mexay
MAarHuTHBIM MOMEHTOM M OOMEHHBIM ToJIeM (deppoMarHe-
THKa IPUBOANT K MAarHUTOIJIEKTpUIecKomy 3ddekTy, KoTo-
pBIil CBS3BIBAET JJICKTPHUYECKHIA TOK 4Yepe3 Mepexoid W Ha-
MAarHHYeHHOCTH, YTO TO3BOJISIET IEPEKIIIOYATh HAIPABJICHHE
MAarHuTHOTO MOMEHTa B (peppOMarHeTuke UMILYJIbCOM TOKA.
JIBa COCTOSIHMS MaMSTH KOJUPYIOTCS B HAIpPABJICHUMU BHE-
IJIOCKOCTHOH HamarHmdeHHocTH. C [ebio OmpenesieHust
ONTUMAJILHON paboveil TeMrnepaTyphbl s 3JIEMEHTA MaMsi-
TH HCCIIEJIOBAHO BJIMSIHUE IIyMa HA YCPEIHEHHYIO CTAIHO-
HAPHYI0O HAMATHHYEHHOCTb C YYETOM TEIUIOBBIX (IIYKTya-
Ui, BO3IEHCTBYIONINX KaK Ha JK03e(hCOHOBCKYIO a3y, Tak
1 Ha TMHAMUKY MarHATHOTO MOMeHTa. VMccnenoBaH mpouece
MIEPEKIIIOUCHUS] B 3aBUCUMOCTH OT IapameTpoB (eppomar-
HEeTHKA, TAKUX KakK 3aTyxaHue [ mibbepTa M MHTEeHCHBHOCTH
SO-cBsI3M, U MPEIJIOKEHA CXeMa HEPAa3PYIIAIOIIEro CYUThI-
BaHMs1, ocHOBaHHas Ha dc-ckBue. Kpome Toro, B paboTe [66]
MIPOAHAM3UPOBAH CIIOCOO 3AIIUTHI COCTOSIHUS HaMSITH OT
BHEIIIHUX BO3MYILIEHUH MyTEM CTPOOUPOBAHMS HATIPSIKESHUS
B CHCTEMaxX C JIMHEWHOW mo mMmmyibcy SO-CBSI3pIO THIA
Pam6s1 u Ipeccenbxaysa.

8. 3akarouenne

B macrosmeM 0030pe NpeAnpUHATA HONBITKA OCBETHTH
OCHOBHbBIE MCCJIeIOBaHMS aHOMaJIbHOTO 3 dexta Jxo3ed-
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Puc. 51. CunuThiBaHUE COCTOSIHMI HA OCHOBE CKBHJA M JAEMOHCTpAIMS
3HAYEeHHsI KPUTHYECKOTO TOKA CKBUAA (TOYKM HA KPUBBIX) B CiIydae Kak
TOJIOKUTEJIBHOM, TaK M OTPUIATEILHON OPUEHTALMM MATHUTHOTO MO-
MEHTa BJI0JIb OCH z (pUC. a U 6 cooTBeTcTBeHHO). (M3 paboThl [66].)

COHa, MIPEACTABJISIONIET0 COO0M 0/THO U3 HanboJiee aKTyallb-
HBIX HAMpaBJICHU! CBEPXIPOBOTHUKOBON CIUHTPOHUKH.
ITpuBeaéHHBIE PE3YIbTATHI CBUICTEILCTBYIOT O MHOTOOOpA-
3un (QU3NYECKUX SIBJICHUH, BO3HUKAIOUIUX B () -TIepexoaax
Pa3JIMYHOTO THIA, OOYCIOBJICHHBIX CBSI3bIO JIK03€()COHOB-
CKOi (pa3bl 1 HAMArHUYEHHOCTH eppomMarHeTka. B o63ope
00JIpIIIOC BHUMAHUE Y/IEJICHO ONUCAHUIO Moienu by3nuHa, B
paMKax KOTOpoi ObLia MPOAEMOHCTPUPOBAHA peain3aius
OPSIMOH CBSI3U BEJIMYMH, XaPAKTEPU3YIOIIUX CBEPXIPOBOIM-
MOCTb M MAarHeTusM, a TaKXe BO3MOXXHOCTb YIPABJICHHS
MarHUTHBIMH CBOWCTBAMH IOCPEICTBOM CBEPXIPOBOMIS-
Iero ToKa, U B CBOIO OYepelIb, BIUSHHE MATHUTHBIX
XapaKTEpUCTUK Oapbepa B (,-IIEPEXO/Ie HA €ro CBEPXIPO-
Bojsiue cBoiicTBa. MccrieqoBanust (peppOMarHuTHOTO pe-
30HAHCA ¥ Bapualyyd MArHUTHOM AMHAMHKH BJOJb BOJIBT-
AMIIEpHON XapaKTEPUCTUKU ¢,-TIepeXoaa MPHUBEIU K PSITy
YHUKAJBHBIX PE3YJIbTATOB, KOTOPBIE HE 3aTPOHYTHI IKCIIEPH-
MEHTATOPAMHU 10 HACTOSIIEro BpeMEHH. BO3MOXHOCTH
MEPEOPUCHTAIIUH JIETKOM OocH (heppoMarHeTuka xo3edco-
HOBCKMM TOKOM, HMEIOIIEH aHAJOTHI0 C MAasSTHUKOM
Kanunpl B MeXaHMYECKUX CHCTEMaxX, HECOMHEHHO, HAWIET
pa3BUTHE B CBEPXIPOBOJHUKOBOUN cHMHTpOHUKe. [IposiBie-
HUe aHOoMaJibHOTO 3ddekTa [)o3edcoHa B pa3sIUIHBIX
CTPYKTYpax IMpPeCTaBIseT MIMPOKOE MOJIe KaK JJIs1 TEOPETH-
YeCKHX, TaK U JJIs 9KCIEPUMEHTAJIbHBIX UCCIIETOBAHUM.

BaxHBIMHM TpPEeACTABISIOTCS PE3YIbTaThl AETAJIBHBIX
nccnenoBaHuii dc-KOMIOHEHTHI CBEPXIPOBOISIIECTO TOKA,
BO3HHUKAIONIEH B Mepexo/ie 3a CUET MPENEeCCHd MarHUTHOTO
MOMEHTA, & TAKXKe BJIMSHUS BHEITHETO 3JIEKTPOMATHUTHOTO
U3JIyYEeHUsl Ha CBOMCTBA @ -epexoa. Bo3aMoxkHOCTh peasiu-
30BaTh 0OJIbIIINE 3HAUCHUS CABUTA (DA3BI (o U IEPECTPAUBATH
e€ Tak)Xe BaKHA JJISI PA3JIMYHBIX MPUIOXKEHUN B CIIUHTPO-
HUKE, Te OOJIbIINE CIMHOBBIE TPAJAUEHTHI MOTYT UCIIOJIB30-
BaThCs s co3aanus ha3oBoit batapen [1]. DTO OTKpbIBaeT
BO3MOXHOCTh TE€HEPUPOBATHh KOHTPOJIUPYEMBIM 0Opa3zoM
CIIMHOBBIC TPAJUEHTHI Yepe3 HKO3e()COHOBCKHE TOKH WU
cMetnenne (assl. JJocTikeHne OObIION BEJIMIUHBI @) U €€
MepecTpoika MOTYT HAWTH KJIIOUEBbIE IPUMEHEHUS B pa3s-
JINYHBIX KBAHTOBBIX CXeMaX, UMEIOT MPSMOe OTHOIICHHE K
YCIUIASIM TI0 PEeATM3AIMH TOMOJIOTMYECKUX CBEPXIPOBOIS-
mmx cocrostauii [201, 202].

OxcnepuMeHTaIbHASI Peau3alus ¢,-lepexona Mo3Bo-
JISeT U3MEPSITh BEJIMYMHY CHUH-OPOUTAJIBLHOM CBSI3M M OT-
KPBIBA€T HOBBIE BO3MOXXHOCTH AJis1 ()a30BOTO KOHTPOJIS
JKO3e()COHOBCKUX YCTPOUCTB. DTH HCCIETOBAHUS TTOMO-
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TaroT MOHATH (PyHIaMEHTAJIbHbIE CIUH-3aBUCUMBIE SIBJICHUS,
a TakXe Pa3sBUTh MPUIIOKEHUS IJISI KOMIBIOTEPHBIX TEXHO-
Jloruii. B wacTHOCTH, ynpaBiieHHEe MAaTrHATHBIM COCTOSIHAEM
3a CY€T CBEPXIPOBOIUMOCTH CTUMYJIUPYET Pa3BUTHUE CBEPX-
ObIcTpoli KpuoreHHo# nmamsTu. PaspaboTtka 3ddexkTuBHBIX
METO/I0B NIEPEeBOPOTA MATHUTHOTO MOMEHTA B (0)-IIEPEXO/IE,
B YACTHOCTH, UMITYJIbCOM CBEPXIPOBOISIIETO TOKA, & TAKXKE
HCCIIeIOBAHUSI KBAHTOBBIX CBOWCTB J1)K03e(DCOHOBCKUX HAHO-
CTPYKTYp C MATHUTHBIMH W TOIIOJOTHYECKH HETPHUBHUAIb-
HBIMH OapbepaMu sl CO3JaHUsI HOBBIX YCTPOMCTB CBEpX-
MPOBOTHUKOBOM CIIUHTPOHUKY SIBJISIFOTCS BaXKHEHIIUMU 3a-
Ja4aM¥ COBPEMEHHON HAYKU.

HccnenoBanus anomaiibHOro 3¢ dexra Ixo3edpcona un-
TEHCHBHO pa3BUBaroTcs. Tak, B mocjemHee BpeMsl ObLI TO-
JIydeH psii HOBBIX MHTEPECHBIX pe3ybTaToB. CHUH-OpOU-
TaJIbHASl CBSI3b B JBYMEPHBIX CHCTEMax OOBIYHO SIBJISICTCS
JINHEHHOW TI0 BOJIHOBOMY BeKTOpy SO-cBsi3bto PamiObr uim
Hpeccenpxay3a. OqHAKO B HACTOSIIEE BPeMsI PACIIUPSIETCS
KJIACC MATEPUaAIOB, KOTOPbIE MOAACPKUBAIOT JOMUHUPYIO-
myro Kyomueckyro cTpyktypy SO-B3auMOIEHCTBUS IO BOJI-
HOBOMY BekTOpy. B pabote [203] paccMoTpens! xko3edco-
HOBCKHE IIEPEX0Abl B 36EMaHOBCKOM I10JI€ CO CBEPXIIPOBOJI-
HUKaMH, pa3JeIéHHBIMA HOpMaJibHOH obOjacteio ¢ SO-
B3aUMOJeHcTBUEM. BbII0 00OHAPYKEHO CHIILHO aHTapMOHH-
4eCKOe TOK-(a30BOe COOTHOIICHWE M CIIOXKHAS CIIUHOBAS
CTPYKTypa. DKCIepuMeHTaIbHas nepectpoiika SO-B3auMo-
JIEHCTBHSI TIO3BOJIUT HACTPAWBATh KAk aHOMAaJIbHBIN (ha3o-
BBIM CABUT, TaK M CBEPXTOK, KOTOPBIA MPOTEKAET MpPH HY-
JieBo pazHoctu ¢a3 B nepexoje. CiencreueM SO-B3auMo-
JIEHCTBHS B 1KO3e()COHOBCKUX KOHTAKTAX SIBJISIFOTCSI CITUH-
TPUILIETHBIE f-KOppessiuu CBEPXIPOBOIUMOCTH, BasKHBIE
JUJTsSL CBEPXIPOBOIHUKOBON CIUHTPOHUKU W TOJIIEPKUBATO-
e MallopaHOBCKHUE CBSI3aHHBIE COCTOSHUS. KOoJIeKTHBHBIE
BO30YXIACHUSI MATHUTHOTO MOMEHTA M JK03e(PCOHOBCKOM
(das3br B Y-mepexogax AEMOHCTPHUPYIOTCS B padote [204].
DTO NPUBOAMT K CIABUTY YacTOTHI (HEePPOMATHUTHOIO
pe3oHaHCca, aHOMAJHUSM Ha BOJBT-aMIIEPHBIX XapaKTepH-
CTUKAX U TOSBJICHUIO JTOMOJHUTEILHON MArHUTHON aHU30-
Tporuu B F-ciosix. B otyimmume ot panee usydeHHbix SFS-
MEPEXO/IOB, CBSI3b MEXIYy MArHUTHOW U ILUTA3MEHHOU MO-
JTaMH BO3HUKAET TAKXKe B IJIMHHOBOJIHOBOM Tpezene. [Toka-
3aHO, YTO Takasi CBs3b OO0ECHEeYMBAET KOHTPOJIHPYEMOE
nepeMarHuuuBanue B F-ciioe, ympaBisieMoe HMITYJIHCOM
MOCTOSIHHOT'O TOKA, YTO 1M03BoJIsSIeT 3(G(GEKTUBHO YIPABIIIThH
MAarHuTHBIM MOMEHTOM B YCTPOMCTBAX CBEPXIPOBOIHHUKO-
Boii ciuHTpoHMKH. B pabdote [205] 6bL1 ucciemoBan 3pdext
MepeMarHMYMBaHusI B 3aBUCUMOCTH OT BHYTPEHHHX Iapa-
MeTpOB (eppOMarHeTuka, TakKuX kKak 3atyxanue [ mibbepra
1 nHTeHCHBHOCTL SO-cBsi3u. HaliieHbl onTMasbHbIE 3HAYE-
HUS TAPAMETPOB IS OBICTPOrO MEPEKIIOYEHHS U YCIOBUS,
Jiearone cuctemy OoJjiee ycroiunBoi k mymam. O630p
COBPEMEHHOTO COCTOSIHUS U MIEPCIIEKTUB CBEPXIIPOBOTHUKO-
BOH COHMHTPOHHKH NIPEACTaBJIeH B pabote [206].

Creqyer OTMETUTB, YTO B 0030pe OXBaueHBbI HE BCE
paboThl, MOCBSINEHHBIE aHOMAJIbHOMY 3(dekty [[xozed-
COHA, HE BCE TEOPETUUECKHE U IKCIIEPUMEHTAJIbHBIE PE3YJIb-
TaThl OMHUCAHBI JOCTATOYHO MOAPOOHO, HE OBLIT OMMCAH PS
MPUMEHEHUH (,-TIepPexoa, KOTOpBIe JOCTOWHBI 0OCyXe-
HUSI, HO HEe BKJIFOUEHBI M3-32 OTpaHUYEHHs 00BhEMa 00630pa.
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This review is devoted to one of the most relevant areas of modern condensed matter physics, the anomalous Josephson effect (AJE),
which consists of the appearance of a phase shift in a hybrid structure, leading to a finite superconducting current at zero phase
difference. AJE reflects the joint manifestation of superconductivity, spin-orbit interaction, and magnetism, and the study of such
structures allows progress in understanding their mutual influence, while also opening up promising applications in superconducting
spintronics. This review describes the physics of the ¢,-junction, the control of the magnetic properties of the barrier by means of a
superconducting current, and, in turn, the effect of the magnetic moment of the barrier on the Josephson current. A discussion of new
effective methods of magnetic moment reversal in the ¢ -junction, in particular, by a superconducting current pulse, as well as studies of
the quantum properties of Josephson nanostructures with magnetic and topologically nontrivial barriers for the creation of new
superconducting spintronic devices, is presented. The experimental realization of the ¢,-junction, which has recently been demon-
strated in a number of studies by direct measurement of the current-phase relation, allows the magnitude of the spin-orbit coupling to be
measured and opens up new possibilities for the phase control of Josephson devices. This research helps in understanding fundamental
spin-dependent phenomena and developing applications for computer technology. In particular, control of the magnetic state by
superconductivity opens up new possibilities for the development of ultrafast cryogenic memory. This review presents the results of
studying the magnetic dynamics along the current—voltage characteristic of the ¢ -junction and analysis of the spin dynamics in this
junction. The question of the possibility of controlling the magnetic precession by the appearance of higher harmonics in the current—
phase relation, as well as the DC component of the current, which significantly increase near ferromagnetic resonance, is considered.
Interesting phenomena in the ¢,-junction occur under the influence of external electromagnetic radiation. Thus, the review presents an
analysis of the main theoretical and experimental work devoted to AJE, gives examples of the manifestation of AJE in various systems,
indicates the prospects for research in this area, and discusses unsolved problems.
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